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ABBREVIATIONS 
ADP adenosine diphosphate 
ATP adenosine triphosphate 
Ca0 2 arterial oxygen content 
CBF cerebral blood flow 
CBFV cerebral blood flow velocity 
CBV cerebral blood volume (in mL/100 g) 
cCyt.aa3 (oxidized — reduced) cytochrome aa3 concentration (in μιηοΙ/100 g) 
cHb intravascular hemoglobin concentration (in mmol/L) 
cHHb* deoxyhemoglobin concentration (in μιηοΙ/100 g) 
c02Hb* oxyhemoglobin concentration (in pmol/100 g) 
CPP cerebral perfusion pressure 
ctHb* total hemoglobin concentration (in μπιο1/100 g) 
CVP central venous pressure 
CVR cerebral vascular resistance 
ECMO extracorporeal membrane oxygenation 
EEG electroencephalography 
ETC02 end-tidal partial pressure of carbon dioxide 
ETS endotracheal suctioning 
FAD flavine adenine dinucleotide 
HR heart rate 
ICP intracranial pressure 
LCaBF mean blood flow in left common carotid artery 
MABP mean arterial blood pressure 
NAD nicotinamide adenosine diphosphate 
NIRS near infrared spectrophotometry 
NMR nuclear magnetic resonance 
/?aC02 arterial partial pressure of carbon dioxide 
ра02 arterial partial pressure of oxygen 
PCr phosphocreatine 
PDA patent ductus arteriosus 
Abbreviations 11 
PET positron emission tomography 
PI pulsatility index 
Pi inorganic phosphate 
RCT red cell transport capacity 
ja02 arterial oxygen saturation 
tcpC02 transcutaneous partial pressure of oxygen 
tcp02 transcutaneous partial pressure of carbon dioxide 
according to the guidelines of the (US) National Committee for Clinical Laboratory 
Standards (NCCLS), Document C25-P, vol 10, no. 2, 1990. 
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Neonatal brain damage 
Enormous progress in neonatal medicine has been achieved during the last 30 years 
due to a better understanding of pathophysiological processes and advances in 
medical technology. Better knowledge resulted in a steady increase in diagnostic, 
monitoring and therapeutic modalities, which, in turn, resulted in a dramatic 
decrease in neonatal mortality, particularly in preterm infants (Avery, 1994). 
However, there is increasing concern about the neurodevelopmental outcome of 
survivors (Bhushan et al. 1993; Blackman, 1991; Levene, 1992; McCormick, 1993). 
Initially the handicap rate seemed to decline, but in recent years the results of many 
long-term follow-up studies, especially of very preterm infants, are inconsistent. 
Both increased and decreased handicap rates have been reported (Bregman & 
Kimberlin, 1993; Escobar et al. 1991). 
The most important cause of handicaps in survivors is cerebral damage due to 
hemorrhage and hypoxic-ischemic injury related to perturbation of cerebral 
hemodynamics and/or oxygenation in the perinatal period (Lou, 1994). Due to its 
vulnerability amongst this age group, the white matter is frequently the location of 
cerebral injury, resulting in cerebral palsy (Gibson & Levene, 1988; Lou, 1994). 
Cerebral oxygenation 
Strictly speaking, cerebral oxygenation includes the whole process of 0 2 transport 
to the brain, 0 2 release from blood, 0 2 uptake by brain tissue, and 0 2 utilization 
for energy metabolism of the brain. Since blood is the transport carrier for oxygen, 
cerebral hemodynamics are of vital importance for 0 2 transport to the brain. 
Consequently, changes in cerebral hemodynamics may influence cerebral 
oxygenation, and disturbance of cerebral oxygenation might finally affect cerebral 
energy metabolism. 
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Cerebral energy metabolism 
For normal brain function, a continuous supply of energy is required, and this is 
provided by high energy phosphates, mainly adenosine triphosphate (ATP) (Cohen, 
1973; Mayes, 1990; Schauf et al. 1990; Siesjö, 1984; Vannucci, 1992). About half 
of the energy is needed for active ion transport to maintain the integrity of the 
neuronal cell membrane; the remainder is used for synaptic transmission and 
biosynthetic processes in the neurons (Jones & Traystman, 1984; Vannucci, 1992). 
ATP is generated by oxidative metabolism of glucose, for which a continuous 
supply of glucose and oxygen by the blood circulation is necessary. 
Oxidative metabolism of glucose actually occurs in 3 phases (Cohen, 1973; 
Schauf et al. 1990; Siesjö, 1984; Vannucci, 1992) (Fig. 1.1.): 
Cytoplasm 
Mitochondrion 
electron / * · reduced - * . ¿r-
transport f л f 
l cytochrome ааз 
^ — oxidized 
Oxidative 
Phosphorylation 
Fig. 1.1. Schematic representation of cellular energy metabolism. 
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1. Glycolysis: 
In this process, which occurs in cytoplasm, glucose is degradated in several 
enzymatic steps to pyruvate without requirement of oxygen. During glycolysis 
two molecules of ATP are produced from one molecule of glucose. 
2. Citric acid cycle (Krebs cycle): 
Pyruvate is further metabolized in the inner compartment of mitochondria in a 
sequence of eight reactions, facilitated by various enzymes. In this cycle, through 
the formation of a number of intermediate substances, two molecules of carbon 
dioxide and four hydrogen ions and electrons are generated. The electrons are 
transferred to the electron-carrying coenzymes nicotinamide adenosine 
diphosphate (NAD) and flavine adenine dinucleotide (FAD) which reduce them 
to NADH and FADH respectively. In the citric acid cycle 2 molecules of ATP 
are also produced. 
3. Oxidative phosphorylation: 
After reconverting NADH and FADH to NAD and FAD respectively, the 
hydrogen ions and electrons are transferred to a chain of enzymes called 
cytochromes, which are located in the inner mitochondrial membrane. The final 
enzyme of this chain is cytochrome с oxidase or cytochrome aa3. By accepting 
electrons this enzyme is reduced. In the presence of oxygen the reduced 
cytochrome aa3 will be re-oxidized again under formation of water. During the 
transfer of hydrogen ions and electrons through this enzyme chain 32 molecules 
of ATP are released by phosphorylation of adenosine diphosphate (ADP). The 
ATP produced can also be stored by transferring the terminal phosphate of ATP 
to creatine to form phosphocreatine (PCr) and ADP. Under the condition of high 
energy demand the high energy phosphate in PCr can be returned to ADP, 
producing ATP (Cohen, 1973; Vannucci, 1992). 
If oxygen is not available, cytochrome aa3 remains in the reduced form. The 
electron flow will cease and ATP cannot be produced. Therefore, pyruvate cannot 
be further metabolized through the citric acid cycle and oxidative phosphorylation, 
and will be reduced to lactate. This anaerobic glycolysis will produce much less 
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ATP and result in an accumulation of lactate, energy deficit, and tissue acidosis. 
Therefore, adequate cerebral 0 2 supply is necessary for efficient cerebral energy 
metabolism. Disruption of the cerebral 0 2 supply may cause a cerebral energy 
deficit, resulting in the cessation of cerebral neuronal activity and, finally, in 
neuronal cell death due to disintegration of the cell membrane (Jones & Traystman, 
1984; Siesjö, 1984; Vannucci, 1992). Concomitant acidosis will aggravate the 
disturbance of cell function. 
Cerebral oxygen supply 
Normally, cerebral 0 2 supply is tightly coupled to cerebral energy demand, which 
means that a change in the cerebral energy demand will be followed by a 
proportional change in the cerebral 0 2 supply. Cerebral 0 2 supply is the product of 
arterial 0 2 content (Ca02) and cerebral blood flow (CBF): 
Cerebral 02 supply = CBF · Ca02 
Since hemoglobin is the oxygen carrier, Ca02 is the sum of oxygen bound to 
hemoglobin and dissolved oxygen: 
Ca02 = β · sa02 · cHb + α · pa02 
where β is the 0 2 capacity of hemoglobin, ja0 2 is arterial 0 2 saturation, 
cHb is arterial hemoglobin concentration, α is the solubility coefficient of oxygen 
in blood, and /?a02 is partial pressure of oxygen in arterial blood. Because the 
amount of dissolved oxygen is very small in comparison with the amount of oxygen 
bound to hemoglobin, its contribution to Ca02 can be disregarded. Therefore, Ca0 2 
is mainly dependent on oxygen bound to hemoglobin. 
Rapid adjustment of the cerebral 0 2 supply due to changes in the cerebral 0 2 
demand occurs mostly by adaptation in CBF. Except for cerebral 0 2 supply, CBF is 
also important for the supply of glucose, the other main substrate for cerebral 
energy metabolism. However, when an increase in the cerebral 0 2 supply is 
impossible, cerebral 0 2 demand can also be met by increasing the cerebral 0 2 
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uptake by means of increasing 0 2 extraction from blood, which results in an 
increasing difference between cerebral arterial and venous 0 2 content. 
Cerebral blood flow 
CBF is dependent on the relationship between pressure and resistance: 
CPP CBF = tLL 
CVR 
where CPP is cerebral perfusion pressure and CVR is cerebral vascular resistance. 
Strictly speaking CPP is the difference between cerebral arterial and venous 
blood pressure. Usually cerebral arterial blood pressure is assumed to be identical to 
blood pressure in other major arteries in the body. Cerebral venous blood pressure 
is usually equated with intracranial pressure. Therefore: 
CPP = MABP - ICP 
where MABP is mean arterial blood pressure and ICP is intracranial pressure. 
CVR depends on the blood vessel size, the blood viscosity, and the flow 
characteristics of the blood. 
CPP and CVR can also be influenced or regulated by numerous other factors, 
which interact in a complicated way to ensure an adequate supply of the substrates 
required for the brain. 
Regulation of cerebral blood flow 
CBF is regulated by different mechanisms, which may act simultaneously in a 
synergistic as well as an antagonistic way (Mchedlishvili, 1980). The most 
important regulation mechanisms of CBF are metabolic regulation and 
autoregulation (Busija & Heistad, 1984; Lassen & Christensen, 1976; Mchedlishvili, 
1980; Pryds, 1991). 
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Metabolic regulation 
By this mechanism CBF is regulated to match the metabolic demand. Increased 
metabolic demand due to enhanced neuronal activity will result in an increase of 
CBF. On the other hand, the suppression of neuronal activity, for example by 
anesthetic agents, will result in a decrease of CBF. When CBF is unable to provide 
adequate 0 2 supply to meet increased cerebral metabolic demands, the brain is also 
able to increase 0 2 extraction from blood in order to maintain cerebral 0 2 uptake 
(Jones & Traystman, 1984). On the other hand, uncoupling of CBF and brain 
metabolism where CBF is in excess of metabolic need results in a so-called "luxury 
perfusion syndrome" and can occur after severe ischemia (Singh et al. 1992) or 
other nonphysiological conditions such as nonpulsatile circulation during 
cardiopulmonary bypass (Andersen et al. 1985). 
The levels of carbon dioxide, oxygen, and glucose in arterial blood have a strong 
influence on CBF. Carbon dioxide is a powerful relaxant of the vascular smooth 
muscles of the cerebral arteries. Hypercapnia will cause vasodilation which will 
ultimately increase CBF, whereas hypocapnia will cause vasoconstriction resulting 
in decreased CBF. CBF is regulated in order to maintain an adequate supply of 
oxygen and glucose to the brain, since both are needed for cerebral energy 
metabolism. CBF is proportionally related to arterial 0 2 content, which means that 
hypoxemia or anemia results in increased CBF, whereas hyperoxemia or 
polycythemia will cause a decrease in CBF (Cavazzuti & Duffy, 1982; Jones et al. 
1981; Jones & Traystman, 1984). It has been shown that, in newborns, 
hypoglycemia is accompanied by increased CBF (Pryds et al. 1988a). 
Autoregulation 
It is assumed that in normal physiological conditions CBF is kept relatively constant 
within a wide limit of cerebral perfusion pressure (Busija & Heistad, 1984; 
Edvinsson et al. 1993; Johnson, 1986; Paulson et al. 1990). Beyond the upper and 
the lower pressure limit, CBF becomes pressure-dependent, which means that CBF 
is linearly related to the perfusion pressure. The exact mechanism of this regulation 
is not clear, but an intrinsic mechanism may exist in the smooth muscle cells of the 
cerebral arterioles, which respond to changing transmural pressure. Increased 
intravascular pressure will result in vasoconstriction and, conversely, decreased 
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intravascular pressure will result in vasodilation. Compared with metabolic 
regulation, autoregulation is a less robust regulation mechanism (Pryds, 1991). 
Autoregulation has been shown to break down during severe hypoxemia or asphyxia 
(Lou et al. 1979) and it is also still disputed whether autoregulation is completely 
intact in pre- and full-term newborns (Pryds, 1991). 
In addition to the mechanisms described above, autonomic neuronal activities 
may have some influence on the regulation of the cerebrovascular tone, but their 
exact role in the modulation of CBF is not yet fully understood (Busija & Heistad, 
1984; Edvinsson & MacKenzie, 1976; Uddman & Edvinsson, 1989). Some 
endogenic agents such as adenosine, prostanoids, and endothelium-derived 
vasoactive substances appear to have some influence on CBF regulation (Edvinsson 
et al. 1993; ladecola et al. 1994; Leffler & Busija, 1987; Moneada & Higgs, 1993; 
Phillis, 1989; Siesjö & Nilsson, 1982), but their exact roles have still to be 
determined. 
Assessment of cerebral oxygenation and hemodynamics 
Ironically, despite major progress in monitoring technology, continuous bedside 
direct monitoring of cerebral oxygenation and hemodynamics in newborn infants is 
still not available. Assessment of cerebral oxygenation and hemodynamics can only 
be indirectly derived from monitoring of systemic oxygenation and circulatory 
variables such as transcutaneous partial pressure of oxygen, arterial 0 2 saturation as 
measured by pulse oximetry, and blood pressure in noncerebral arteries. 
Evaluation of cerebral hemodynamics can be performed by Doppler ultrasound 
(Berman et al. 1988; Costeloe & Rolfe, 1989; Raju, 1991) as a noninvasive method 
with the possibility of continuous, on-line bedside monitoring (Fenton et al. 1990; 
Myers et al. 1987). However, it measures only blood flow velocity in a single major 
cerebral artery. Assuming that the radius of the major cerebral arteries is almost 
constant, changes in blood flow velocity in these arteries will reflect the same 
proportional changes in volume flow. There is evidence that, in some 
circumstances, the major cerebral arteries are also involved in the regulation of 
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cerebrovascular resistance which means that they are able to change their radius 
(Mchedlishvili, 1986). Even when flow can be measured, the flow in a single 
cerebral artery does not necessary reflect CBF. In extreme clinical derangements 
blood flow velocity in major cerebral arteries may not reflect CBF (Thoresen et al. 
1994). Therefore, these limitations will restrict the routine use of this method in the 
clinical monitoring of cerebral hemodynamics in newborn infants. 
Other assessment methods which enable the evaluation of cerebral oxygenation 
and hemodynamics are usually noncontinuous and will therefore represent only 
static information on cerebral oxygenation and hemodynamics at a given time. The 
radionuclide labelled microsphere method is considered the gold standard for static 
CBF measurement (Marcus et al. 1981). However, this method is only suitable for 
animal investigations due to its use of radioactive material and the invasiveness of 
the procedure (Berman et al. 1988; Marcus et al. 1981). The 133Xenon clearance 
method is less invasive and provides an estimation of static global CBF (Costeloe & 
Rolfe, 1989; Greisen et al. 1984a). However, the use of a radioactive tracer limits 
its frequent application in newborn infants. Using positron emission tomography 
(PET), static measurement of CBF, cerebral blood volume, and the cerebral 
metabolic rate of oxygen can be achieved (Altman & Volpe, 1991), but the use of a 
radioactive tracer and the high cost of the equipment will limit the application of 
this method. Using nuclear magnetic resonance (NMR) spectroscopy, the cerebral 
concentration of high energy phosphates can be assessed, which provides 
information about cerebral energy metabolism (Cady et al. 1991; Chance et al. 
1989; Wyatt et al. 1989). The application in severely ill newborn infants is limited 
due to the need for transportation of these patients to the NMR unit. 
It is clear that none of the above-mentioned methods is suitable for bedside, 
noninvasive, and continuous cerebral oxygenation and hemodynamics monitoring in 
severely ill, newborn infants. Therefore, more suitable alternatives are necessary. In 
1977 in vivo near infrared spectrophotometry (NIRS) was introduced by Jöbsis, 
which provides the opportunity of noninvasive optical monitoring of cerebral 
oxygenation and hemodynamics (Jöbsis, 1977). Since then NIRS has been proven to 
be a valuable extension to the research tools currently available in this field (Colier, 
1995). In neonatal medicine research NIRS may facilitate better understanding in 
the pathophysiology of cerebral oxygenation and hemodynamics during normal or 
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disease state. However, due to certain limitations, the current NIRS method is not 
yet suitable for clinical monitoring in severely ill newborn infants. The background 
and the limitations of NIRS and the experience in the literature will be reviewed in 
chapters 2 and 4. 
Outline of this thesis 
It is necessary to avoid disturbances in cerebral oxygenation and hemodynamics in 
severely ill newborn infants in order to prevent cerebral damage and future 
handicap. Before preventive strategies to avoid irreversible cerebral damage can be 
developed, a better understanding of pathophysiological changes in cerebral 
oxygenation and hemodynamics is necessary, which can be provided by using NIRS 
in combination with monitoring of other vital physiological variables. Since 
alterations in cerebral oxygenation and hemodynamics can be expected to occur 
during many interventions, either as therapy or as a part of normal care in severely 
ill newborn infants, some of these effects are described in this thesis. 
Using NIRS in combination with measurement of other relevant physiological 
variables we investigated the pathophysiological changes in cerebral oxygenation 
and hemodynamics during and after some selected interventions in newborn infants 
and in the animal model: 
1. Repeated indomethacin administration as therapy for patent ductus arteriosus in 
preterm infants (chapter 5). 
2. Blood transfusion as therapy for anemic preterm infants (chapter 6). 
3. Hemodilution as therapy for polycythemic newborn infants (chapter 6). 
4. Open and closed endotracheal suctioning during mechanical ventilation in 
preterm infants (chapter 7). 
5. Extracorporeal membrane oxygenation (chapters 8 - 11): 
a. as therapy for severe respiratory failure in more mature infants. 
b. in a research setting using piglets as an animal model. 
Part II 
NEAR INFRARED SPECTROPHOTOMETRY 

Chapter 2 
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Introduction 
Infrared and near infrared spectrophotometry are well-known in vitro analytical 
methods, usually applied in the food industry, geological surveys, and in some 
laboratory analyses (McDonald, 1986). 
The use of in vivo near infrared spectrophotometry (NIRS) for human tissue was 
first introduced by Jobsis (1977), introducing the possibility of noninvasive and 
continuous monitoring of tissue oxygenation. 
Methodology 
NIRS is based on two fundamental facts: 
1. the relative transparency of biological tissue to near infrared light (wavelength 
700 - 1000 nm). 
2. the presence of a small number of chromophores (color-bearing compounds) in 
biological tissue, which have oxygenation-dependent absorption properties in the 
near infrared region. 
Using the spectrophotometric technique it is theoretically possible to calculate the 
concentration of these chromophores in order to provide an insight into tissue 
oxygenation. 
Propagation of near infrared light through biological tissue 
The propagation of light through biological tissue depends on a combination of 
reflectance, scattering, and absorption effects (Jöbsis, 1977). Reflectance is mainly a 
function of the angle of the light beam to the tissue surface, whereas scattering and 
absorption are dependent on the wavelength. Scattering decreases with increasing 
wavelength. However, above 1300 nm water absorbs all photons completely within 
a few millimetres in normally hydrated tissue. Below 700 nm, in the visible region 
of the spectrum, light propagation is also prevented by intense absorption by 
hemoglobin and myoglobin. In the near infrared region between 700 and 1000 nm 
the light attenuation by hemoglobin and myoglobin is greatly reduced. Therefore, 
when scattering is limited, a significant amount of near infrared light can be 
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effectively propagated through biological tissue over a considerable distance. Using 
the current laser diodes as light sources a penetration depth of about 8 cm can be 
achieved (Cope & Delpy, 1988). 
Chromophores in brain tissue 
In tissue, there are three chromophores which have oxygenation-dependent 
absorption properties in the near infrared region: hemoglobin, myoglobin, and 
cytochrome aa3 (Jöbsis, 1977). However, myoglobin is absent in brain tissue. In the 
near infrared region, there are significant differences in the absorption spectrum 
between oxyhemoglobin (02Hb) and deoxyhemoglobin (HHb) (Fig. 2.1) (Jöbsis, 
1977; Rea et al. 1985; Wray et al. 1988; Zijlstra et al. 1991). Cytochrome aa3 in 
oxidized form has a weak absorption band with a broad maximum between 820 and 
840 nm (Fig. 2.1) (Ferrari et al. 1990; Jöbsis, 1977; Rea et al. 1985; Wray et al. 
1988). Spectrophotometric calculation of the concentration of these chromophores in 
brain tissue is possible due to these characteristic absorption properties. 
Calculation procedure 
The spectrophotometric method is based on the relationship between the amount of 
light absorption and the concentration of the light absorbing chromophore as 
described by the Lambert-Beer law: 
OL\X) = Log ε(λ) · с • d 
where OD is the light absorption in optical densities, λ is the wavelength used, I 0 is 
the incident radiation, I is the transmitted radiation, ε is the extinction coefficient of 
the chromophore (L/mmol-cm), с is the concentration of the chromophore 
(mmol/L), and d is the optical pathlength (cm), which is equal to the physical 
distance between light entry and exit points, in the absence of scattering. 
The extinction coefficients of 02Hb and HHb (as tetraheme molecules) are 
obtained from in vitro studies with hemoglobin solutions (Wray et al. 1988; Zijlstra 
et al. 1991). It is necessary to measure the concentration of both 02Hb and HHb, 
since they can change independently due to alteration in cerebral blood volume. 
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Fig. 2.1. In vitro absorption spectrum of hemoglobin (upper) and cytochrome aa3 (lower) in near 
infrared region. 
On the other hand, the total amount of cytochrome aa3 in tissue is assumed to be 
constant and therefore measurement of the concentration difference between 
oxidized and reduced cytochrome aa3 is sufficient to determine the redox (reduction 
and oxidation) state of this enzyme. However, since there is a difference between 
the in vivo and in vitro absorption spectra of cytochrome aa3 (Jòbsis-Vandervliet et 
al. 1988), the in vitro extinction coefficients of this enzyme are not suitable for 
NIRS measurement. Therefore, the spectral characteristic of fully oxidized and fully 
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reduced cytochrome aa3 in vivo is derived from experiments on rat brains, which 
were made hemoglobin-free by exchange transfusion with fluorocarbon blood 
substitute while the animals were breathing 100% oxygen and 100% nitrogen 
successively (Thomiley et al. 1990; Wray et al. 1988). The obtained difference in 
extinction coefficients between the oxidized and the reduced cytochrome aa3 spectra 
is used for calculation of the concentration of (oxidized — reduced) 
cytochrome aa3. 
However, the Lambert-Beer law is only valid in a homogeneous and isotropic 
medium, where photons travel in a straight line between the light entry and exit 
points. Then, the optical pathlength d is the physical distance between these points. 
Since brain tissue is nonhomogeneous and anisotropic, light will be scattered, which 
makes the optical pathlength much longer than the distance between light entry and 
exit points (Fig. 2.2). Note the difference in the pathlength of transmitted photons 
between nonscattering medium A (equal to the distance P-Q) and scattering medium 
В (more than distance P-Q). Moreover, due to scattering a certain portion of 
photons will be lost since they will not reach the detector. On the other hand, 
photon loss can also be the result of absorption by the other oxygenation-
independent chromophores in the brain, skull or skin. 
Fig. 2.2. Schematic representation of light transmission in nonscattering medium (A) and in scattering 
medium (B). Solid circle represents light absorbing substances. 
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Despite these limitations, the Lambert-Beer law is assumed to be still applicable 
with some modification (Thomiley et al. 1990; Wray et al. 1988; Wyatt et al. 
1989): 
ΟΕΚλ) = ε(λ) · с · d • В + OD{X)R 
where d is the physical distance between light entry and exit points in tissue, В is 
the multiplication factor for the increase in optical pathlength caused by scattering 
and OD(X)R represents the photon loss caused by scattering and absorption by 
tissue. Since the amount of OD(X)R is unknown, but considered to be constant in 
individual patients, concentration changes of the chromophore can be calculated 
from changes in absorption: 
ΑΟΣΗλ) = ε(λ) · Ac • d • В 
The multiplication factor for the pathlength, sometimes called the differential 
pathlength factor, can be determined when the actual pathlength is known. The 
actual pathlength can be measured using the time-of-flight method, where the 
transition time of a picosecond pulse of near infrared light across the head is 
measured by a streak camera. Since the velocity of near infrared light in tissue is 
known, the pathlength can be calculated (Chance et al. 1988; Delpy et al. 1988). 
The obtained multiplication factor from postmortem studies in preterm infants is 
4.39 ± 0.28 (Wyatt et al. 1990b). Another postmortem study in preterm and term 
infants using the same method revealed a value of 3.85 ± 0.57 (van der Zee et al. 
1992). The multiplication factor has been shown to be constant, as long as the 
physical distance between light entry and exit points is greater than 2.5 cm (van der 
Zee et al. 1992). Since most of the experiments described in this thesis were 
performed before 1992, a constant age-independent factor of 4.39 is used 
throughout this study. Moreover, the use of another multiplication factor would only 
have a scaling effect on the measured changes of the chromophores. By using one 
multiplication factor, the results of different experiments can be compared to each 
other. 
In our case three different chromophores contribute to the light absorption in the 
path. Assuming a homogeneous mixing, their contribution to the light absorption 
will be additive: 
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ΔΟΰ(λ) = (е02НЬ(Х)-Ас02НЪ * еинь(Х)-АсННЬ + zCytaap.)-AcCyt.aa^ -d -В 
When ε is known for the three chromophores, three independent equations are 
needed to calculate their concentration changes from the measured changes in 
optical density. This is achieved by measuring the optical density at three different 
wavelengths. The resulting set of equations is usually written as a matrix equation: 
AOD(X
x
) 
AODQ^) 
Δ0£>(λ3) 
c02Hb&Ù ЕЯЯіАі) εΟ/.αα3(λΐ) 
г01на^2>
 ZHHEP^ zCyt.aaf4) 
Е
сулАз) еяя*Аз) ε^,, (λ3) 
Ac02Hb 1 
АсННЬ 
AcCyt.aa^ 
d -В 
or in a more concise form: 
AÔD=E · ΔΓ · d · В 
This equation can be solved using standard techniques: 
be = (ε Δ ОД ) / {d • В) 
where ε _ 1 is the inverted matrix of the known extinction coefficients for the 
different chromophores at the wavelengths used in the NIRS equipment (775, 845, 
and 904 nm) (Thorniley et al. 1990). Since the pathlength is proved to be 
wavelength-dependent (Essenpreis et al. 1993), a modiñeation of these inverse 
matrix coefficients has been made (Wickramasinghe & Rolfe, 1993): 
Chromophore 
c02Hb 
cHHb 
cCyt.aa-, 
775 nm 
-1.157 
1.642 
-0.014 
wavelength 
845 nm 
0.081 
-1.020 
0.635 
904 nm 
1.776 
-0.221 
-0.611 
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Thus, for example Дс02НЬ can be calculated as: 
-1.157 · AOD(775) + 0.081 · AOD(S45) + 1.776 · AOD(904) AcOjHb 
d В 
Changes in concentration of total hemoglobin (ActHb) can be obtained from the 
sum of Ac02Hb and ДсННЬ. Using a value of 1.05 g/mL for brain-specific mass 
(Nelson et al. 1971) the concentration is expressed in μπιο1/100 g brain tissue. 
The equipment 
Based on the above mentioned principles several types of NIRS equipment have 
been developed. The NIRS equipment used in this thesis was developed by the 
Department of Biomedical Engineering and Medical Physics, University of Keele 
(head: Prof. P. Rolfe) and produced by Radiometer (Copenhagen, Denmark) (Rea et 
al. 1985; Thomiley et al. 1990). It consists of the following elements (Fig. 2.3): 
computer 
laser diode ж 
fiberoptic 
if bundles ч ^ 
—fl skull № -
photodiode 
Fig. 2.3. Schematic representation of the NIRS equipment. 
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1. Light source: 
Light is produced by three semiconductor laser diodes (class 3B) with nominal 
wavelengths of 775, 845, and 904 nm. Under control of a microprocessor the 
diodes provide sequentially a short light pulse of 200 ns with a repetition 
frequency of 500 Hz. The peak optical output per diode is maximally 10 W and 
the mean power for all wavelengths together is maximally 4 mW. 
2. Light detector: 
The intensity of the transmitted light remaining after absorption by the 
chromophores in the brain controls the current in a photodiode, which is 
converted to a voltage. After amplification the signal is digitized and processed 
using signal averaging techniques in order to reduce the noise level. Due to the 
use of coherent detection, the interference of ambient light is negligible. 
3. Light transmission: 
Light is transmitted from the laser diodes to the skull and from the skull to the 
photodiode by fiberoptic bundles with a diameter of 5 mm. The bundles are 
directly coupled to the laser diodes and photodiode. At the other end of these 
bundles, the fibers undergo a 90° bend in the coupling piece, the so-called 
optode, which is made for attachment to the skull. Since the penetration depth of 
the light is independent of the position of the optodes (Faris et al. 1991), it is in 
principle of no importance where the optodes are attached to the skull, as long 
as the distance between optodes is greater than 2.5 cm (Van der Zee et al. 1992). 
However, movement between two optodes during measurement must be avoided, 
since it will result in an alteration of the pathlength and cause artefactual 
changes in the calculated chromophore concentration. Therefore careful attention 
should be given to fixing the optodes. The method of fixing the optodes to the 
skull used in this thesis is separately described in chapter 3. 
4. Computer: 
A computer is used for analyzing the absorption measurements. Changes in light 
absorption of each wavelength are converted to Ac02Hb, AcHHb, ActHb, and 
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AcCyt.aa3 using the algorithm described above. The results can be displayed in a 
real time instantaneous graphics mode and stored for later analysis. 
This equipment is proved to be stable with a system drift of less than 0.004 OD/h 
and it achieves a coefficient of variation of 0.01% (Thomiley et al. 1990). The 
equipment is proven to be sufficiently sensitive to detect physiological changes in 
c02Hb and cHHb and maximum redox changes of cytochrome aa3 (Thorniley et al. 
1990), but its capacity to detect small physiological changes in cCyt.aa3 is more 
questionable (Wickramasinghe et al. 1994). 
The application of NIRS is proved to be safe. The calculated average energy 
exposure to the skin is not greater than the energy exposure on a normal summer 
day in northern Europe (Cope & Delpy, 1988; Rea et al. 1985). 
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Introduction 
Near infrared spectrophotometry is a promising method for noninvasive and 
continuous monitoring of cerebral blood and tissue oxygenation in newborn babies 
(Rea et al. 1985). The basic principle of this method is spectrophotometric 
measurement of changes in the absorption of near infrared light caused by changes 
of the oxygenation state of hemoglobin and cytochrome aa3 complex (Jöbsis, 1977). 
A quantitative measurement of the concentration of oxyhemoglobin and 
(oxidized — reduced) cytochrome aa3 in cerebral tissue with this method is still not 
possible. Changes in concentration of oxyhemoglobin and (oxidized — reduced) 
cytochrome aa3 can only be calculated with respect to the concentration of these 
substances prior to monitoring and under the condition that the light pathlength 
remains constant during monitoring. Changes in optode position on the skull may 
cause variations in the light pathlength, resulting in absorption changes not 
associated with cerebral blood and tissue oxygenation. Good fixation of the optodes 
is, therefore, necessary in order to keep a constant pathlength. 
However, the fixation of the optodes to the skull of the baby is still 
unsatisfactory. Fixation with a double adhesive ring is unappropriate for long-term 
measurement, because the optodes and the optic fibers are too heavy. The presence 
of hair on the skull and the high humidity in the incubator are also disadvantageous 
for fixation with adhesive rings. 
Method 
For this reason a device for optode fixation has been designed and is shown in 
Figs. 3.1 and 3.2. This device consists of a covered shell made of hard plastic. The 
shell is fixed against the skull with collodion, a glue commonly used for attachment 
of EEG electrodes on the skull of the newborn. The fixation can be strengthened 
with pieces of gauze, soaked in collodion and placed on the edge of the shell. The 
optode is then inserted into the shell and the cover is screwed on it (Fig. 3.3). In 
this way, the optode presses lightly against the skin, minimizing loss of light. The 
dimensions of this device have been made for the optode of the prototype Near 
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Infrared Data Collection Unit from Radiometer. Using the same principle such a 
device can be made with dimensions suitable for other types of optode. 
In our experience this device incorporates a good fixation and enables long-term 
measurements. It is easily removed from the skull after measurement by dissolving 
the collodion with acetone. 
optode holder 
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Fig. 3.1. Schematic diagram of the fixation device of the optode in near infrared spectrophotometry. The 
dimension has been adjusted to the optode of the prototype of Near Infrared Data Collection Unit 
(Radiometer). Measurements are in millimeters. 
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Fig. 3.2. The fixation device of the optode of the prototype Near Infrared Data Collection Unit 
(Radiometer). 
тк 
4 
ÌLI VT" 
Fig. 3.3. Fixation of the optode on the skull of a preterm newborn. 
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Interpretation of near infrared spectrophotometry data 
.In the application for cerebral tissue, near infrared spectrophotometry (NIRS) 
provides three basic variables: changes in concentration of oxyhemoglobin 
(Дс02НЬ), deoxyhemoglobin (ДсННЬ), and (oxidized — reduced) cytochrome aa3 
(AcCyt.aa3). Дс02НЬ and ДсННЬ reflect changes in 0 2 supply to the brain. ActHb, 
which is the sum of Дс02НЪ and ДсННЬ, will reflect changes in cerebral blood 
volume (CBV). If the blood hemoglobin concentration is known, ДСВ (in 
mL/100 g) can be calculated: 
R • cHb 
where cHb is the blood hemoglobin concentration expressed in mmol/L as 
monoheme molecule, R is the cerebral - arterial hematocrit ratio, which is stated to 
be 0.69 (Lammertsma et al. 1984), and 4 is a correction factor, since ctHb is 
expressed in μπιοΙ/100 g as tetraheme molecule. Since ДСВ is the final result of 
changes in arterial inflow (or cerebral blood flow) and venous outflow 
(Mchedlishvili, 1986), NIRS will also provide indirect information about cerebral 
hemodynamics. When ctHb is constant, Дс02НЬ and ДсННЬ will also give indirect 
information on changes in cerebral 0 2 extraction. 
As described in chapter 1, cytochrome aa3 is the final enzyme in the oxidative 
phosphorylation chain to be directly oxidized by oxygen to produce ATP, the 
important cellular energy source. When oxygen is not available, the enzyme remains 
in its reduced form. Therefore, AcCyt.aa3 provides an insight into the changes in 
the redox (reduction and oxidation) state of cytochrome aa3, which will reflect 
changes in the cellular 0 2 sufficiency. 
Since only changes in c02Hb, cHHb, ctHb, and cCyt.aa3 can be measured, 
NIRS can only be used for continuous observation of the trend of fluctuations in 
cerebral oxygenation and blood volume. However, it is possible to derive 
quantification of some other hemodynamic variables from these data. 
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Quantification of hemodynamic variables 
Cerebral blood flow 
Global cerebral blood flow (CBF) can be estimated using the Fick principle with 
02Hb as intravascular tracer (Edwards et al. 1988; Edwards et al. 1993). Rapid 
(within the circulatory transit time) administration of a tracer in the cerebral arterial 
system will result in the accumulation of this tracer in the cerebral tissue. CBF can 
be derived from the ratio of the accumulated tracer within this time period to the 
amount of tracer administered. A bolus of 02Hb can be induced by a sudden 
increase in arterial 0 2 saturation (ja02) of 5 to 10% over a few seconds within the 
range 80 to 95% by a short but sharp increase in the fraction of inspired 0 2 
concentration. During this maneuver ctHb and thus CBV must remain constant. 
Such a brief ja0 2 increase is assumed not to affect CBF and cerebral 0 2 extraction, 
provided that a number of quality criteria are met (Bûcher et al. 1993; Skov et al. 
1991). The amount of administered 02Hb can be derived from ia02 measured by 
pulse oximetry in beat-to-beat mode and the accumulation of 02Hb in the brain can 
be measured by MRS. CBF (in mL/100 g-min) can then be calculated from the 
following equation: 
4 · AcO.Hb 
CBF = — . _ 
{'(Asa02)dt · R · cHb 
where cHb and R are as described above. The reported values in newborn infants 
ranged from 12 to 33 mL/100 g-min (Edwards et al. 1988). Good correlations have 
been shown between CBF values measured by this method and those measured by 
the 133Xenon clearance method (Bûcher et al. 1993; Skov et al. 1991). However, 
CBF measurement using the NIRS method is not applicable in all newborn infants, 
especially those with ja02 > 95% while breathing room air. Alternatively, a sa02 
change can be performed by decreasing the fraction of inspired 0 2 concentration, 
but this is not without risk when repeated measurements are required. Repeated 
measurements are necessary because about 50% of the measurements have to be 
rejected due to stringent quality requirements (Skov et al. 1991). CBF determination 
is also impossible in infants who are ventilated with 100% oxygen and those with 
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low ia0 2 due to severe lung disease or right-to-left shunting. Due to these 
disadvantages routine clinical use of CBF measurement using NIRS is very limited. 
The use of an exogenous near infrared absorbing tracer like indocyanine green, 
which does not interfere with cerebral oxygenation or circulation, might overcome 
these disadvantages. Using this tracer in experimental animals the measured CBF 
showed a close correlation with the values obtained using the 133Xenon clearance 
method (Colacino et al. 1981). Application in newborn infants in a clinical setting 
is possible and seems to be promising (Roberts et al. 1993). Another method would 
be to calculate CBF from the rate of ACBV induced by jugular venous occlusion. 
This method showed a good correlation with the values obtained by strain gauge 
plethysmography (Wickramasinghe et al. 1992). However, repeated jugular 
occlusion is not without risk, especially in preterm infants. 
Cerebral blood volume 
The quantitative value of CBV can be obtained by inducing a small gradual change 
in arterial 0 2 saturation (ja02) of 5 to 10% over about 5 min within the range 80 
to 95% by manipulation of the fraction of inspired 0 2 concentration (Wyatt et al. 
1990a). This small ja0 2 change is assumed not to affect CBV, CBF, and cerebral 
0 2 extraction. Consequently, ctHb should remain unchanged during this maneuver. 
Therefore, the induced change in cerebral c02Hb will be equal but in the opposite 
direction to the change in cHHb, and proportionally the same as in the other 
vascular compartments. Hence: 
Ac02Hb _ д с я я і 
AsaOi = = 
2
 ctHb ctHb 
and 
ЬсО,НЬ - ЬсННЪ 
ctHb = -
2 · Asa02 
Therefore, CBV (in mL/100 g) can then be calculated from the following equation: 
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4 · (Ac07Hb - AcHHb) CBV = - - 1 
2 • R • сНЬ · Asa02 
where cHb and R are as described above. Changes in cerebral c02Hb and cHHb, 
and in sa0 2 can be measured by NIRS and pulse oximetry respectively. The CBV 
value in healthy infants was recorded at 2.22 ± 0.40 mL/100 g (Wyatt et al. 1990a). 
However, the reliability of this value cannot be verified, since there is no gold 
standard for CBV measurement in infants. Therefore, reference values for neonatal 
CBV are not available. Due to the same disadvantages as in CBF measurement 
using NIRS, the routine clinical use is limited. Furthermore, CBV changes as 
measured using this method showed different values from those calculated from 
ctHb changes as described at the beginning of this chapter (Brun & Greisen, 1994). 
Cerebrovascular reactivity to carbon dioxide 
Changes in arterial partial pressure of carbon dioxide (paC02) have been proved 
consistently to result in changes in CBV (Wyatt et al. 1986). Small changes in 
paC02 in the range of 1 - 2 kPa, induced by manipulating the ventilator rate, can 
be used to calculate the cerebrovascular reactivity to carbon dioxide (Wyatt et al. 
1991). The observed values of CBV response to changes in paC02 in preterm and 
full-term infants undergoing intensive care but with normal brains ranged from 0.06 
to 0.68 mL/100 g-kPa and there was a significant increase in response with 
increasing gestational age (Wyatt et al. 1991). However, in another investigation, 
this age related CBV response to/>aC02 could not be confirmed (Wolf et al. 1991). 
Comparison with other methods 
The NIRS method has been compared with some other methods for assessment of 
cerebral oxygenation and energy metabolism. 
In the brains of newborn piglets a linear relationship was found between changes 
in c02Hb and cHHb and changes in the venous 0 2 saturation in the sagittal sinus 
during different levels of hypoxemia and hypotension (Kurth et al. 1993). 
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In cat brains a strong correlation has been demonstrated between tissue p 0 2 as 
measured by an 0 2 electrode and both the redox state of cytochrome aa3 and the 
oxygenation of hemoglobin as measured by NIRS during several degrees of 
hypoxemia (Mook et al. 1984). During complete cerebral ischemia in rats, cCyt.aa3 
as measured by NIRS and tissue p02 as measured by an 0 2 electrode began to 
decrease immediately following EEG suppression (Raffin et al. 1991). In this 
experiment, the changes in cCyt.aa3 were also related to changes in tissue p02-
In infants with severe birth asphyxia a marked alteration in cerebral 
hemodynamics with increased CBV and depression of CBV response to раС02 
changes preceded the development of secondary cerebral energy failure as reflected 
by decreased phosphocreatine/inorganic phosphate (PCr/Pi) ratio, detected by 
nuclear magnetic resonance (NMR) spectroscopy (Wyatt et al. 1989). Simultaneous 
application of NIRS and NMR spectroscopy in animal models during different 
levels of hypoxemia revealed that the decrease in cCyt.aa3 was closely related to the 
decrease in cerebral tissue energy states (Tamura et al. 1988; Tsuji et al. 1995). 
These data indicate that NIRS enables the early detection of indications of 
cerebral tissue hypoxia and energy deficit. 
Applications in neonatal brain trend monitoring 
Since the NIRS algorithm is based on adult hemoglobin and most of the 
hemoglobin in newborn infants consists of fetal hemoglobin, which has different 
extinction coefficients from adult hemoglobin (Zijlstra et al. 1991), the measured 
results may be incorrect. However, NIRS variables measured using an algorithm 
based on fetal hemoglobin were not significantly different from those measured 
using an algorithm based on adult hemoglobin, irrespective of the level of fetal 
hemoglobin (Wickramasinghe et al. 1993). 
During the last decade NIRS has been applied in clinical investigations as well 
as in fundamental research in animal models. The most important results are 
summarized in Table 4.1. 
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Table 4.1. Applications in neonatal brain monitoring 
Events Results Species Authors 
Hypoxemia decreased c02Hb and cCyt aa3 
increased cHHb and CBV 
newborn Brazy et al 1985, 
Livera et al 1991, 
Wyatt et al 1986 
young rabbit Hasegawa et al 1992 
piglet Tsuji et al 199S 
Bradycardia decreased CBV newborn Livera et al 1991 
Cerebral venous 
congestion 
increased CBV and cHHb 
unchanged c02Hb 
young rabbit Mito et al 1990, 
Takashima & Ando, 1988 
Crying increased CBV 
decreased cCyt aa3 
newborn Brazy, 1988 
Hypertensive peaks increased CBV 
decreased cCyt aa3 
newborn Brazy & Lewis, 1986 
Hypocapnia decreased cCyt aa3 newborn Edwards et al 1991, 
Haddadetal 1994, 
Wyatt et al 1986 
Seizures increased CBV 
decreased cCyt aa3 
newborn Wyatt et al 1987 
Asphyxia increased as well as decreased CBV newborn 
decreased CBV reactivity to C02 
decreased cCyt aa3 
relationship between NIRS results 
and the outcome 
Van Bel et al 1993, 
Wyatt, 1993 
Total cerebral biphasic response of CBV and 
ischemia cCyt aa3 
relationship between NIRS results 
and the severity of cerebral damage 
fetal sheep Marks et al 1994a, 
Marks et al 1994b 
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Table 4.1. Applications in neonatal brain monitoring (continued). 
Events Results Species Authors 
Indomethacin decreased CBF, CBV, c02Hb, and newborn 
administration cCyt.aa3 
Edwards et al. 1990; 
McCormick et al. 1993 
Aminophylline 
administration 
decreased CBF, CBV, and cCyt.aa3 newborn Bucher et al. 1994; 
McDonnell et al. 1992 
Surfactant 
administration 
newborn Dorrepaal et al. 1993; 
Edwards et al. 1992; 
Fahnenstich & Schmidt, 1994; 
Skov et al. 1992a 
Endotracheal 
suctioning 
transient decrease in c02Hb 
inconsistent CBV changes 
newborn Shah et al. 1992; 
Skov et al. 1992b 
Lumbal puncture in increased cCyt.aa3 
posthemorrhagic 
ventricular dilatation 
newborn Casaer et al. 1992 
Exchange transfusion fluctuation of CBV newborn Van de Bor et al. 1994 
Conclusion 
MRS is a bedside, noninvasive method for the continuous and instantaneous 
measurement of changes in cerebral 0 2 supply, blood volume and cellular 0 2 
sufficiency in newborn infants. However, measurement of the absolute levels of 
these variables is still impossible. Only under certain conditions and with some 
assumptions, can absolute values of CBF and CBV be calculated. Nevertheless, 
despite these limitations, this method can be helpful in the investigation of 
pathophysiological changes in neonatal cerebral oxygenation and hemodynamics. 
Part III 
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Abstract 
The objectives of this study were to evaluate the effect of repeated indomethacin 
administration on cerebral oxygenation in relation to changes in cerebral blood flow 
velocity (CBFV) and other relevant physiological variables. Fourteen preterm 
infants with patent ductus arteriosus were studied during three subsequent 
indomethacin bolus administrations with intervals of 12 and 24 h. Changes in 
concentration of oxyhemoglobin (c02Hb), deoxyhemoglobin (cbfflb), and 
(oxidized — reduced) cytochrome aa3 (cCyt.aa3) in cerebral tissue and changes in 
cerebral blood volume (CBV) were measured by near infrared spectrophotometry; 
changes in mean CBFV in the internal carotid artery were measured by pulsed 
Doppler ultrasound. Simultaneously heart rate, transcutaneous partial pressure of 
oxygen and carbon dioxide, arterial 0 2 saturation, and blood pressure were 
measured. All variables were continuously recorded until 60 min after indomethacin 
administration. Within 5 min after each indomethacin administration, significant 
decreases in CBFV, CBV, c02Hb, and cCyt.aa3 were observed which persisted for 
at least 60 min, while cHHb increased or did not change at all. There were no 
changes in the other variables recorded. These data demonstrate that indomethacin 
administration is accompanied by a reduction in cerebral tissue oxygenation due to 
decreased cerebral blood flow. Therefore, low arterial 0 2 content, either caused by 
low arterial 0 2 saturation or by low hemoglobin concentration, may be a 
contraindication for indomethacin treatment in preterm infants. 
Introduction 
Indomethacin is useful in the treatment of patent ductus arteriosus (PDA) in preterm 
infants with hyaline membrane disease (Gersony et al. 1983). However, 
indomethacin administration results in a reduction of cerebral blood flow (CBF) in 
newborn animals (Leffler et al. 1985) and human adults (Wennmalm et al. 1981). 
In preterm infants a decrease in cerebral blood flow velocity (CBFV) as measured 
by Doppler ultrasound (Cowan, 1986; Laudignon et al. 1988; Van Bel et al. 1989) 
and a reduction of CBF using the 133Xenon clearance method (Pryds et al. 1988b) 
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have been reported. In recent studies using near infrared spectrophotometry (NIRS) 
falls in CBF, cerebral 0 2 delivery, cerebral blood volume (CBV), and concentration 
of (oxidized — reduced) cytochrome aa3 (cCyt.aa3) have been demonstrated in 
preterm infants treated with indomethacin (Edwards et al. 1990; McCormick et al. 
1993). In most studies on indomethacin and cerebral hemodynamics the effects of 
only a single dose were investigated (Edwards et al. 1990; Pryds et al. 1988b; Van 
Bel et al. 1989). In this study continuous measurement by NIRS in combination 
with Doppler ultrasound was used to investigate the influences of repeated 
indomethacin doses on cerebral oxygenation in relation to changes in CBFV and 
other relevant physiological variables in preterm infants with PDA. 
Materials and methods 
After obtained informed parental consent, 14 preterm infants (8 male, 6 female), 
mean gestational age 30.1 (27.4 to 34.0) weeks, mean birth weight 1200 (550 to 
2060) g, with hemodynamically significant PDA were studied during indomethacin 
treatment. The study was approved by the University Hospital ethics committee. 
Infants with congenital malformation or cerebral hemorrhage were excluded from 
the study. Twelve infants were ventilated mechanically. The mean age at the time 
of study was 4 (2 to 19) days. PDA with left-to-right shunt was diagnosed by color 
Doppler ultrasound investigation. Indomethacin was administered as a 30-s 
intravenous bolus in a dose of 0.2 mg/kg initially, followed by two additional doses 
of 0.1 mg/kg at intervals of 12 and 24 h. 
The principle of NIRS is based on the characteristic absorption of near infrared 
light by hemoglobin and cytochrome aa3, depending on their oxygenation state 
(Jobsis, 1977). Assuming that Lambert-Beer's law is applicable, the relationship 
between light absorption (expressed in OD, Optical Density) and concentration (c) 
of the chromophore (in mmol/L) may be expressed as: 
OD = ε · с • d 
where ε is the extinction coefficient of the chromophore (L/mmol · cm) and d is the 
optical pathlength (cm). Due to scattering, the optical pathlength is longer than the 
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physical distance between the points where light enters and leaves the tissue. The 
multiplication factor is stated to be about 4.39 in preterm infants (Wyatt et al. 
1990b). In a mixture with several chromophores the total absorbance is the sum of 
the absorbances by each chromophore. As oxygenation-independent absorption 
considered to be constant, only concentration changes of oxyhemoglobin (Ac02Hb), 
deoxyhemoglobin (AcHHb), and (oxidized — reduced) cytochrome aa3 (AcCyt.aa3) 
can be calculated from changes in absorption of near infrared light passing through 
the brain at 3 different wavelengths using simple solution of linear equations 
(Thorniley et al. 1990). Ac02Hb and AcHHb reflect changes in cerebral 0 2 supply, 
whereas AcCyt.aa3 reflects changes in cerebral 0 2 sufficiency (Jöbsis-Vandervliet, 
1991). Changes in concentration of total hemoglobin (ActHb) were calculated as the 
sum of Ac02Hb and AcHHb. Using the obtained optical pathlength and a value of 
1.05 g/mL for brain-specific mass the concentration changes are expressed in 
μπιοΙ/100 g. Changes in CBV (ACBV), expressed in mL/100 g, were calculated 
from the formula 
ACBV = 4 · ActHb 
0.69 · cHb « 
where cHb is the blood hemoglobin concentration in mmol/L, 0.69 is the 
cerebral-arterial hematocrit ratio (Lammertsma et al. 1984), and 4 is a correction 
factor, since ctHb is calculated from changes in light absorption using extinction 
coefficients based on the tetraheme molecule, while cHb determination in blood 
samples is based on the monoheme molecule. 
The MRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK) and produced by 
Radiometer (Copenhagen, Denmark) (Thorniley et al. 1990). Light at 3 wavelengths 
(904, 845, and 775 nm) was transmitted through the skull by fiberoptic bundles. 
The optodes at the end of these bundles were applied in opposite positions at the 
parietotemporal region of the skull (Liem et al. 1992c). The distance between the 
optodes was measured with calipers and multiplied by 4.39 to obtain the optical 
pathlength (Wyatt et al. 1990b). Absorption at the 3 wavelengths is continuously 
sampled at a rate of 0.5 Hz. 
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Fig. 5.1. The application of Doppler transducer holder and the N1RS optode to the skull. 
CBFV in the internal carotid artery was measured continuously by a 3.5-MHz 
pulsed Doppler flowmeter (ATL 400 B, Advanced Technology Laboratories, 
Bellevue, WA, USA) using the anterior fontanelle as an acoustic window. The 
depth of the supraclinoid internal carotid artery was determined from a two 
dimensional real-time scan (Ultramark 4, Advanced Technology Laboratories, 
Bothell, WA, USA) during cranial ultrasound screening for cerebral hemorrhage. 
The insonation angle was assumed to be negligible (less than 10°). The Doppler 
transducer was kept in a holder, mounted by two perpendicular hinge mechanisms 
on a central hole of a plastic foam padded T-form aluminium frame. This 
aluminium frame could be moulded to adjust to the infant's skull and was secured 
in place with soft elastic chin and occipital strap (Fig. 5.1). The appropriate 
Doppler signal (visual and auditory) was sought at the predetermined depth level by 
slight rotation of the transducer. Instantaneous frequency in the Doppler flowmeter 
was estimated with a zero-crossing technique (time-interval histogram). The 
time-interval histogram output was filtered with a 0.3-Hz low pass filter and the 
obtained mean (time-averaged) velocity stored simultaneously with the NIRS data. 
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Changes in the mean CBFV (ACBFV) were expressed as percentage in relation to 
the preindomethacin level. 
Heart rate (HR) (HP 78801 B, Hewlett Packard, Boeblingen, Germany), 
abdominal transcutaneous partial pressure of oxygen and carbon dioxide (tcp02 and 
tcpC02) (Transend, Sensormedics Corp., Anaheim, CA, USA), and arterial 0 2 
saturation (sa02) on the foot (N 200, Nellcor Inc., Hayward, CA, USA) were also 
recorded continuously and stored together with the NIRS and Doppler data. 
Noninvasive blood pressure was measured before and every 15 min after 
indomethacin administration (Dinamap, Critikon Inc., Tampa, Florida, USA). 
Measurements were started 10 min before and continued till 60 min after each 
indomethacin administration. Mean values over a 20-s period at 5 and 60 min after 
indomethacin administration were calculated as differences from the 20-s mean 
preindomethacin level. Statistical analysis was performed by a t test on each 
difference separately. Level of significance was chosen as 0.05. 
At the end of each measurement Doppler ultrasound investigation was repeated 
to check the patency of the ductus arteriosus. 
In one infant registration of tcp02 and tcpC02 failed during the second and third 
indomethacin administration. Appropriate blood pressure measurement was 
performed only in 8 infants. 
Results 
The distribution of ductal patency in all infants before and 60 min after each 
indomethacin dose is shown in Table 5.1. At 60 min after the third indomethacin 
injection 2 infants still had a PDA. In one infant spontaneous closure of the PDA 
occurred later and one required surgical closure of the PDA. 
Within 1 - 2 min after each indomethacin administration, a simultaneous and 
significant decrease in mean CBFV, CBV, c02Hb, and cCyt.aa3 occurred. The 
maximum changes were reached after approximately 5 min and persisted during the 
following 55 min. Changes became smaller after the second and third dose, but 
remained statistically significant. The concomitant cHHb, however, showed a small 
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or no change at all after indomethacin administration. A typical example of 
continuous NIRS and Doppler ultrasound registration is shown in Fig. 5.2. 
Changes were not statistically different between the infants whose ductus was 
already closed before the next indomethacin administration and the infants whose 
ductus was still patent (r test) with the exception of cCyt.aa3 at 5 min after the 
second indomethacin dose (Table 5.2). 
HR, blood pressure, tcp02, tcpC02, and ja02 showed no statistically significant 
changes after indomethacin administration, except HR at 5 min after the first dose 
(-4.2, SD 4.4 beats/min), mean and diastolic blood pressure at 5 min after the first 
dose (+4.0, SD 4.0 and +3.5, SD 5.0 mm Hg). 
Table 5.1. Distribution of PDA among studied infants before and at 60 min 
after each indomethacin dose. 
Before 1st dose 
After 1st dose 
Before 2nd dose 
After 2nd dose 
Before 3rd dose 
After 3rd dose 
No . infants 
14 
14 
14 
14 
12* 
12* 
PDA pri 
14 
10 
7 
7 
4 
2 
* Two infants were not investigated during the third indomethacin 
administration because of very unstable clinical condition. 
Discussion 
After the first indomethacin administration we found a 40% reduction of mean 
CBFV, which is in accordance with the literature (Cowan, 1986; Laudignon et al. 
1988; Van Bel et al. 1989). As changes in the internal carotid artery diameter could 
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Fig. 5.2. Continuous NIRS and Doppler ultrasound measurement with sampling frequency of 0 5 Hz 
during 30 min after the first indomethacin dose in a 30-week, 890-g infant. 
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Table 5.2. Changes ¡η NIRS and Doppler variables at S and 60 min after indomethacin administration. 
After 1st dose 
All infants (n = 14) 
at 5 min 
at 60 min 
After 2nd dose 
All infants (n = 14) 
at S min 
at 60 min 
- PDA present (n = 7) 
at S min 
at 60 min 
- PDA absent (я = 7) 
at S min 
at 60 min 
After 3rd dose 
All infants (n = 12) 
at 5 min 
at 60 min 
- PDA present (л = 4) 
at 5 min 
at 60 min 
- PDA absent (n = 8) 
at S min 
at 60 min 
ACBFV 
(%) 
-38.2 (14.8)* 
-40.0 (15.0)* 
— 17.4 (16.1)*t 
-22.7 (21.0)*t 
-13.6 (7.3)* 
-18.7(21.1)* 
-21.3(21.7)* 
-26.6 (21.7)* 
-23.9 (8.8)*t 
-29.8 (10.0)*t 
-18.6(11.0)* 
-28.7 (7.3)* 
-26.6 (6.6)* 
-30.4(11.5)* 
ACBV 
(mL/100 g) 
-0.31 (0.12)* 
-0.32 (0.17)· 
-0.19 (0.13)*t 
-0.20 (0.18)*t 
-0.16 (0.08)* 
-0.20 (0.19)* 
-0.23 (0.17)* 
-0.20 (0.18)* 
-0.23 (0.1 l)*t 
-0.22 (0.20)· 
-0.21 (0.10)* 
-0.10 (0.16) 
-0.24 (0.12)* 
-0.28 (0.20)* 
Ac02Hb 
(/¿mol/100 g) 
-0.73 (0.32)* 
-0.71 (0.42)* 
-0.38 (0.36)*t 
-0.41 (0.40)*t 
-0.30 (0.13)· 
-0.34 (0.31)· 
-0.46 (0.49)· 
-0.47 (0.49)* 
-0.46 (0.24)*t 
-0.37 (0.50)*t 
-0.41 (0.24)· 
-0.29 (0.29)* 
-0.48 (0.26)· 
-0.41 (0.60)· 
AcHHb 
(/tmol/100 g) 
0.18 (0.17)* 
0.13 (0.18)· 
0.06 (0.18)t 
0.08 (0.16) 
0.06(0.11) 
0.03 (0.13) 
0.06 (0.24) 
0.13 (0.20) 
0.10 (0.14)* 
0.01 (0.47) 
0.09 (0.20) 
0.14 (0.15) 
0.10 (0.12) 
-0.06 (0.57) 
AcCyt.aa3 
(/»mol/100 g) 
-0.04 (0.02)* 
-0.04 (0.03)* 
-0.02 (0.02)*f 
-0.02 (0.04)* 
-0.01 (0.02) 
-0.02 (0.03) 
-0.04 (0.02)*t 
-0.03 (0.05) 
-0.02 (0.02)*t 
-0.03 (0.02)· 
-0.01 (0.02) 
-0.03 (0.02)* 
-0.03 (0.01)* 
-0.03 (0.02)* 
Values are means (SD). 
* Significant changes (p < 0.05). 
t Different from change after 1st dose (p < 0.05). 
І Different from change in infants with PDA present (p < 0.05). 
not be measured, this CBFV changes do not necessarily reflect similar CBF 
changes. However, using the 133Xenon clearance method a similar reduction of CBF 
has been reported in indomethacin treated preterm infants (Pryds et al. 1988b). The 
reduction of CBF appears to result from increased cerebral vascular resistance, 
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which seems not to affect the large cerebral arteries (Edvinsson et al. 1993). 
Therefore, changes in CBFV measured in the internal carotid artery probably reflect 
CBF changes. At present, there is no satisfactory explanation of the mechanism by 
which indomethacin increases cerebral vascular resistance (Edvinsson et al. 1993). 
Since other cyclo-oxygenase inhibitors than indomethacin lack the vasoconstrictor 
effects of indomethacin in piglets, rats, and men (Chemtob et al. 1991; Siesjö, 
1984), the indomethacin effect on the cerebrovascular resistance is unrelated to 
cyclo-oxygenase inhibition. 
It is unknown whether CBF reduction due to indomethacin and the concomitant 
decrease of 0 2 delivery will reach a level at which tissue damage will occur. In 
animals, both reduction and no change of cerebral 0 2 consumption after 
indomethacin administration has been observed (Dahlgren & Siesjö, 1981; Hohimer 
et al. 1985; Mirro et al. 1988). No data in (preterm) newborns are available. 
NIRS is a reliable technique for measuring cerebral tissue oxygenation 
(Thorniley et al. 1990; Wyatt et al. 1986). Using this method we found that after 
indomethacin administration, simultaneously with CBFV reduction, a fall in cerebral 
c02Hb reflecting a decrease in cerebral 0 2 supply. These changes persisted for at 
least 60 min, which indicates that during this period no compensatory mechanism 
existed. The simultaneous reduction of cCyt.aa3 might reflect a decrease in cellular 
0 2 sufficiency. In a recent NIRS study a similar decrease of cCyt.aa3 has been 
found after a single indomethacin dose in preterm infants (McCormick et al. 1993). 
However, data on cCyt.aa3 should be interpreted with caution. The presence of 
cross-talk between 02Hb and Cyt.aa3 signals could be due to the use of an incorrect 
extinction coefficient of Cyt.aa3 which was derived from in vivo experiments on rat 
brains after exchange transfusion with fluorocarbon (Pryds et al. 1990b). However, 
there is some evidence that in preterm newborns Cyt.aa3 behaves more 
independently from the 02Hb trace. Since in preterm newborns cytochrome aa3 
adapts rapidly to lowered arterial p02, the enzyme remains practically completely 
oxidized until severe hypoxia occurs (Jöbsis-Vandervliet, 1991). This was confirmed 
in another study which revealed no alteration in cCyt.aa3 during ja02 changes 
within the range of 85 - 99% (Edwards et al. 1991). These data emphasize the 
significance of cCyt.aa3 reduction as a sign of neuronal hypoxia in preterm 
newborns. In the same study Edwards et al (1991) found a linear relationship 
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between CBV changes and cCyt.aa3. The reduction of cCyt.aa3 is most likely the 
result of hemodynamic perturbation induced by indomethacin, as indomethacin itself 
has no direct effect on mitochondrial respiration (McCormick et al. 1993). 
Simultaneously with CBFV reduction after indomethacin administration, a 
decrease in CBV was observed, which is in the same magnitude as the reduction 
reported in previous NIRS studies (Edwards et al. 1990; McCormick et al. 1993). 
Circulatory differences due to ductal patency do not seem to have an influence 
on the effect of indomethacin on cerebral oxygenation and hemodynamics. The 
smaller effect after the second and third dose is probably due to the long (between 
20 and 34 h) plasma half-life of this drug (Thalji et al. 1980; Vert et al. 1980). As 
indomethacin has not been completely eliminated from the circulation at 12 or 24 h 
after the previous administration, the effect of the next dose on the cerebral vascular 
resistance may be smaller than that of the previous one. Additionally, the second 
and third dose being smaller might be of importance as well, because of 
dose-response relationship (Dahlgren et al. 1981). Absence of CBFV changes after a 
second (Cowan, 1986) and a third indomethacin dose has been reported (Laudignon 
et al. 1988). In neither of these studies and in our study plasma indomethacin levels 
were measured. 
Although indomethacin is highly effective in the treatment of PDA in preterm 
infants, the results of this study are worrisome, as they show that indomethacin 
treatment results in protracted reduction of cerebral tissue oxygenation due to 
decreased CBF which could be a contributory cause of ischemic cerebral damage. 
However, no better alternative is currently available, since ductal ligation has many 
disadvantages. So, indomethacin is still the treatment of choice, but it has to be 
used with caution. Optimalization of ia02 and hemoglobin concentration before 
indomethacin administration is of importance. A low arterial 0 2 content, either 
caused by low ia0 2 or by low hemoglobin concentration, may be a contraindication 
for indomethacin treatment in preterm infants. 
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Abstract 
The objective of this study was to investigate the influence of blood transfusion and 
hemodilution on cerebral oxygenation and hemodynamics in relation to changes in 
cerebral blood flow velocity (CBFV) and other relevant physiological variables in 
newborn infants. Thirteen preterm infants with anemia (hematocrit < 0.33) and ten 
infants with polycythemia (hematocrit > 0.65) were studied during blood transfusion 
and hemodilution using partial plasma exchange transfusion respectively. Changes 
in cerebral concentrations of oxyhemoglobin (c02Hb), deoxyhemoglobin (cHHb), 
total hemoglobin (ctHb), (oxidized — reduced) cytochrome aa3 (cCyt.aa3) were 
continuously measured using near infrared spectrophotometry throughout the whole 
procedure. Simultaneously, changes of mean CBFV in the internal carotid artery 
were continuously measured using pulsed Doppler ultrasound. Heart rate, 
transcutaneous partial pressure of oxygen and carbon dioxide, and arterial 0 2 
saturation were continuously and simultaneously measured. Blood transfusion 
resulted in increase of c02Hb, cHHb, ctHb, and red cell transport (product of 
CBFV and hematocrit), whereas CBFV decreased. The increase of c02Hb exceeded 
that of cHHb, reflecting improvement of cerebral 0 2 supply. Hemodilution resulted 
in decrease of c02Hb, cHHb, and ctHb, whereas CBFV increased. Red cell 
transport was unchanged. The decrease of c02Hb exceeded that of cHHb, reflecting 
decreased cerebral 0 2 supply. cCyt.aa3 decreased after blood transfusion and 
remained unchanged after hemodilution. With the exception of a small, but 
significant increase in transcutaneous partial pressure of oxygen after blood 
transfusion, the other variables showed no changes. Each blood withdrawal during 
exchange transfusion resulted only in a significant increase of heart rate without 
changes in the other variables measured, suggesting unchanged cerebral perfusion. 
From these data it can be concluded, that in newborn infants blood transfusion in 
anemia results in improvement of cerebral oxygenation, but hemodilution in 
polycythemia does not improve cerebral oxygenation despite improvement of 
cerebral perfusion. 
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Introduction 
Adequate energy supply to the cerebral tissue is necessary for normal function and 
survival of the neurons. In normal circumstances the energy required is supplied by 
oxidative metabolism, in which the presence of oxygen is essential (Siesjö, 1984). 
Oxygen supply to the brain depends on sufficient concentration of hemoglobin in 
the blood (cHb) and an adequate cerebral blood flow (CBF) (Jones & Traystman, 
1984). Pathological changes in cHb in the neonate, anemia as well as polycythemia, 
have been shown to result in a significant alteration in the CBF (Bada et al. 1986; 
Maertzdorf et al. 1989; Nelle et al. 1994; Ramaekers et al. 1988; Rosenkrantz & 
Oh, 1982). Treatment consists of restoration of cHb by blood transfusion and 
hemodilution (partial exchange transfusion) respectively, which is presumed to 
improve cerebral circulation and oxygenation (Bada et al. 1986; Maertzdorf et al. 
1989; Nelle et al. 1994; Ramaekers et al. 1988; Rosenkrantz & Oh, 1982). 
Near infrared spectrophotometry (NIRS) offers the possibility of noninvasive and 
continuous bedside investigation of cerebral oxygenation in newborn infants 
(Thorniley et al. 1990; Wyatt et al. 1986). Using this technique we investigated the 
relationship between changes in cerebral oxygenation and hemodynamics, and 
changes in some physiological variables during blood transfusion in anemic, and 
hemodilution in polycythemic newborn infants. 
Materials and methods 
Study population 
The study was approved by the University Hospital ethics committee. Two groups 
of newborn infants were studied, after obtaining informed parental consent: 
- Group 1: 13 preterm infants (8 male, 5 female), mean gestational age 30.2 
(28.0 to 34.0) weeks, mean birth weight 1417 (975 to 2200) g, mean postnatal 
age 25 (9 to 45) days, mean actual body weight 1660 (940 to 2710) g, 
requiring blood transfusion because of anemia (cHb < 6.5 mmol/L, capillary 
hematocrit < 0.33). 
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Group 2: 10 newborn infants (2 male, 8 female), mean gestational age 38.4 
(32.7 to 41.9) weeks, mean birth weight 2712 (1060 to 3505) g, postnatal age 2 
(1 to 5) days, requiring hemodilution because of polycythemia (venous 
hematocrit > 0.65). 
Infants with congenital malformation, asphyxia, seizures or cerebral hemorrhage 
were excluded from the study. 
The anemic infants were in a stable clinical condition. One infant was ventilated 
with low rate (4 breaths/min) and low fraction of inspired 0 2 concentration (0.25). 
The other infants were not ventilated; two of them received additional oxygen of 
22% and 40% respectively. None of the infants was treated with sedatives or 
vasoactive drags. Blood transfusion was performed using 15 mL/kg body weight 
adult red blood cells, administered over 3 h. 
Nine polycythemic infants showed one or more of the following symptoms: 
plethora (3), cyanosis (2), respiratory distress (4), poor feeding (2). Mechanical 
ventilation was necessary for one infant with respiratory distress. One infant was 
asymptomatic. Three infants were small for date (birth weight below tenth 
percentile) and one had meconium stained amniotic fluid. Isovolemic hemodilution 
was performed by partial exchange transfusion through an umbilical vein catheter. 
The total exchange volume was calculated as follows: 
exchange volume = blood volume observed hematocrit - desired hematocrit 
observed hematocrit 
where blood volume was presumed to be 85 mL/kg body weight and desired 
hematocrit was chosen as 0.55. Mean total exchange volume was 18.8 
(12.9 to 24.1) mL/kg body weight. The exchange procedure was carried out in 3 to 
5 steps. In each step a mean of 5.7 (4.3 to 8.0) mL/kg blood was exchanged using 
isovolemic pasteurized plasma protein solution (Central Laboratory for Blood 
Transfusion of the Dutch Red Cross, Amsterdam, The Netherlands). The dead space 
of the system used for exchange transfusion was 1.0 mL. The whole procedure 
lasted approximately 30 min. 
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Near Infrared Spectrophotometry 
The NIRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK) and produced by 
Radiometer (Copenhagen, Denmark) (Thorniley et al. 1990). The method is based 
on continuous spectrophotometric measurement of oxygenation-dependent changes 
in the absorption properties of hemoglobin and cytochrome aa3 in the near infrared 
region (Jobsis, 1977). Our NIRS measurement procedure has been published earlier 
(Liem et al. 1994). Briefly, near infrared light at three wavelengths (904, 845, and 
775 nm) was transmitted through the skull using fiberoptic bundles. The 
transmitting and receiving optodes were fixed to the skull as previously described 
(Liem et al. 1992c). Each optode was applied in opposite positions at the 
parietotemporal or bifrontal region of the skull. The interoptode distance was 
always greater than 2.5 cm, to ensure a constant pathlength multiplying factor (Van 
der Zee et al. 1992). Since our NIRS study was started before 1992, a constant 
age-independent pathlength multiplying factor of 4.39 is used (Wyatt et al. 1990b). 
The use of another pathlength multiplying factor would only have a scaling effect 
on the changes of the measured variables. Since the extent of light attenuation 
caused by scattering and oxygenation-independent absorption by tissue is unknown, 
but considered constant, only concentration changes of oxyhemoglobin (Дс02НЬ), 
deoxyhemoglobin (ДсННЬ), and (oxidized - reduced) cytochrome aa3 (AcCyt.aa3) 
can be calculated from changes in absorption of near infrared light at these 3 
wavelengths using the described algorithm (Thorniley et al. 1990; Wickramasinghe 
& Rolfe, 1993) and the obtained optical pathlength. Using a value of 1.05 g/mL for 
brain-specific mass these concentration changes are expressed in μπιοΙ/100 g. 
Therefore, during NIRS measurement only changes of these variables are obtained 
as a trend. Дс02НЬ and ДсННЬ reflect changes in cerebral 0 2 supply, whereas 
AcCyt.aa3 reflects changes in cerebral 0 2 sufficiency (Jöbsis-Vandervliet, 1991). 
Changes in concentration of total hemoglobin (ActHb) were calculated as the sum 
of Дс02НЬ and ДсННЬ. When cHb is unchanged, ActWo will reflect changes in 
cerebral blood volume. 
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Doppler ultrasound 
Cerebral blood flow velocity (CBFV) in the internal carotid artery was measured 
continuously by a 3.5-MHz pulsed Doppler flowmeter (ATL 400 B, Advanced 
Technology Laboratories, Bellevue, WA, USA) using the anterior fontanelle as an 
acoustic window. The depth of the supraclinoid internal carotid artery was 
determined from a two dimensional real-time scan (Ultramark 4, Advanced 
Technology Laboratories, Bothell, WA, USA) during cranial ultrasound screening 
for cerebral hemorrhage. The insonation angle was assumed to be negligible (less 
than 10°). The Doppler transducer was kept in a holder as described previously 
(Liem et al. 1994). Instantaneous frequency in the Doppler flowmeter was estimated 
using a zero-crossing technique (time-interval histogram). The time-interval 
histogram output was filtered by a 0.3-Hz low pass filter and the obtained mean 
(time-averaged) velocity stored simultaneously with the NIRS data. Changes in the 
mean CBFV (ACBFV) after blood transfusion or hemodilution were expressed as a 
percentage of their values before the procedure. Assuming that the internal carotid 
artery diameter did not change, these CBFV changes will indicate similar CBF 
changes. A good correlation has been found between mean CBFV as measured by 
Doppler ultrasound and CBF as measured by the 133Xenon clearance method 
(Greisen et al. 1984b). As an index of red cell transport capacity (RCT) the product 
of CBFV and hematocrit was calculated (Maertzdorf et al. 1989; Nelle et al. 1994) 
and the changes in RCT were expressed as a percentage of their value before the 
procedure. 
Other physiological measurements 
Heart rate (HR) was recorded continuously using a neonatal monitor (HP 78801 B, 
Hewlett Packard, Boeblingen, Germany). The abdominal transcutaneous partial 
pressure of oxygen and carbon dioxide (tcp02 and tcpC02) (Transend, 
Sensormedics Corp., Anaheim, CA, USA) and arterial 0 2 saturation (sa02) at the 
foot by pulse oximetry (N 200, Nellcor Inc., Hayward, CA, USA) were also 
measured continuously. These data were stored together with the NIRS and Doppler 
data. During blood transfusion a sampling frequency of 0.125 Hz was used, since 
only slow changes in the measured variables were expected to occur. During 
hemodilution, however, a sampling frequency of 1 Hz was used, because rapid 
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changes in these variables were expected to occur. Measurements were started 
10 min before the start of blood transfusion or hemodilution and continued until 
10 min after this procedure was ended. Blood samples for the determination of cHb 
and hematocrit were drawn from the umbilical venous catheter before and after 
hemodilution, and from a capillary heel puncture before and after blood transfusion. 
Data analysis 
From each variable the mean value of a selected period of 10 successive recorded 
datapoints were taken just before the start and directly after completion of each 
procedure. The differences were used for further statistical analysis using the 
Wilcoxon signed-rank test. Level of significance was chosen as 0.05. The results are 
presented as median and range of the individual changes. Withdrawal of blood 
during each step of partial exchange transfusion can be considered as a hemorrhagic 
event, therefore the influence of this event on the homeostasis of cerebral 
oxygenation and circulation was assessed in the same way. Only the first three 
blood withdrawals were analyzed, since partial exchange transfusion was performed 
in 3 steps in most of the infants. 
Results 
Blood transfusion 
After blood transfusion cHb and hematocrit levels increased from the initial median 
value of 6.2 (5.1 to 6.5) mmol/L and 0.29 (0.24 to 0.30) to 8.1 (7.1 to 9.5) mmol/L 
and 0.39 (0.34 to 0.44) respectively (p < 0.05). A statistically significant increase in 
c02Hb, cHHb, and ctHb also occurred (Table 6.1 and Fig. 6.1). The increase of 
c02Hb was larger than that of cHHb. CBFV decreased, but there was a statistically 
significant increase in RCT. There was a small, but statistically significant decrease 
in cCyt.aa3. The other variables showed no statistically significant changes except 
for an increase in tcp02. 
Table 6.1. Changes m measured variables after blood transfusion in anemic preterm 
infants and after hemodilution in polycythemic infants 
Дс02НЬ (^mol/100 g) 
AcHHb (íimol/100 g) 
ActHb (^mol/100 g) 
AcCyt aa3 (^mol/100 g) 
ACBFV (%) 
ARCT (%) 
Asa02 (%) 
AtcpOj (mm Hg) 
McpC02 (mm Hg) 
AHR (beats/min) 
ДсНЬ (mmol/L) 
Ahematocnt 
After blood transfusion 
(» = 13) 
1 56· 
(0 80 , 2 57) 
021* 
(-0 22 ,0 72) 
174· 
(0 98 , 2 74) 
-0 08* 
(-0 39,0 02) 
- 9 5* 
( - 3 3 , - 1 4 ) 
1961* 
(-13 97 ,42 63) 
0 1 
(-2 1,33) 
4 4* 
(-3 4 , 19 6) 
1 8 
(-4 4 , 4 7) 
- 1 0 
( - 1 9 0 , 15 0) 
2 0* 
( 1 0 , 3 2 ) 
0 09* 
(0 05 , 0 14) 
After hemodilution 
(η = 10) 
-134* 
(-3 30, - 0 32) 
- 0 47* 
(-2 03 ,0 08) 
- 1 8 * 
(-4 39 , - 0 77) 
- 0 0 1 
(-0 12 ,0 07) 
23 1* 
(-7 5 ,95 9) 
- 5 02 
(-28 31 ,43 48) 
2 0* 
(-2 1,9 2) 
12 
( - 1 2 , 3 0 1) 
10 
(-5 7 , 8 9) 
60 
(-110 ,26 0) 
- 2 5* 
(-4 8 , - 1 5 ) 
- 0 13* 
(-0 24 , - 0 07) 
Values are median (range) 
* Significant changes (p < 0 05, Wilcoxon signed-rank test) 
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Fig. 6.1. Box plots of changes in cerebral NIRS and Doppler variables, RCT, and cHb after blood 
transfusion and hemodilution. Horizontal line within the box represents the median value; the box covers 
the interquartile range; the bar covers the whole range. * Significant changes (p < 0.05). 
Hemodilution 
After hemodilution cHb and hematocrit levels decreased significantly from an initial 
median value of 13.5 (11.7 to 14.8) mmol/L and 0.67 (0.61 to 0.74) to 10.8 
(9.5 to 12.7) mmol/L and 0.53 (0.44 to 0.63) respectively (p < 0.05). A statistically 
significant decrease in c02Hb, cHHb, and ctHb was also observed (Table 6.1 and 
Fig. 6.1). The decrease of c02Hb was larger than that of cHHb. CBFV increased, 
but RCT was unchanged as well as cCyt.aa3. The other variables showed no 
statistically significant changes except for an increase in sa02. 
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Blood withdrawal 
After each blood withdrawal a small but statistically significant increase of HR was 
observed with a median value of 7 ( — 1 to +16), 6 ( -2 to +12), and 3 ( -1 to +9) 
beats/min respectively. 
Discussion 
Blood transfusion as therapy for anemia will improve the arterial 0 2 content which 
is presumed to enhance the 0 2 supply to many organs including the brain. In the 
present study the increase in c02Hb was larger than in cHHb, which may reflect an 
increased cerebral 0 2 supply, despite a decreased CBF as indicated by a reduction 
of CBFV. A similar reduction of CBFV in the internal carotid artery after blood 
transfusion in preterm infants has been reported (Nelle et al. 1994). A decrease in 
CBF can be considered as a compensation for increased arterial 0 2 content in order 
to maintain a constant cerebral 0 2 supply, provided that cerebral 0 2 consumption is 
constant (Jones & Traystman, 1984). However, the increased arterial 0 2 content 
after blood transfusion seems to be relatively in excess of the decreased CBF, as 
RCT increased. 
Surprisingly, despite increased cerebral 0 2 supply after blood transfusion most 
infants showed a decrease in cCyt.aa3, which might reflect a decreased cerebral 0 2 
sufficiency. Since the algorithm for calculating AcCyt.aa3 is derived from 
experiments on rat brains after exchange transfusion with fluorocarbon, the results 
of cCyt.aa3 should be interpreted with caution (Pryds et al. 1990b; Skov & Greisen, 
1994). However, in the neonate during conditions of low 0 2 availability 
cytochrome aa3 seems to be able to increase its affinity to oxygen (Jöbsis-
Vandervliet, 1991). During anemia due to decreased cerebral 0 2 supply, the same 
adaptation of this enzyme as in hypoxemia can be expected. Restoration of anemia 
by blood transfusion will abolish this adaptation, resulting in decreased cCyt.aa3. 
Moreover, decrease of cCyt.aa3 has been shown to occur during decrease of cerebral 
perfusion due to hypocapnia (Edwards et al. 1991) or indomethacin administration 
(Liem et al. 1994; McCormick et al. 1993). The same effect can be expected after 
blood transfusion, when CBFV is decreased. However, the exact role of cerebral 0 2 
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supply in the regulation of the redox state of cytochrome aa3 is still unclear 
(Balaban, 1990). 
In newborn infants the observed clinical signs during polycythemia are generally 
attributed to decreased microcirculation in many organs (Black, 1987; Oh, 1986). 
The adverse neurodevelopmental outcome was thought to be related to decreased 
CBF. The need for treatment of polycythemia in newborn infants is still a matter of 
debate, but hemodilution by partial plasma exchange transfusion is generally 
recommended (Black, 1987; Oh, 1986). Hemodilution will reduce the red cell mass 
resulting in improvement of microcirculation in many organs including the brain 
(Bada et al. 1986; Maertzdorf et al. 1989; Rosenkrantz & Oh, 1982). The increased 
CBF after hemodilution seems to be the result of the compensation for decreased 
arterial 0 2 content and not to be related to decreased blood viscosity (Brown et al. 
1985; Rosenkrantz et al. 1984; Waschke et al. 1994). Therefore, determination of 
the blood viscosity in our patients was considered unnecessary. In the present study, 
after hemodilution, CBF appeared to increase as indicated by an increased CBFV. 
However, it did not result in improvement of cerebral RCT. Data from the literature 
are conflicting, showing increased (Maertzdorf et al. 1989) as well as unchanged 
cerebral RCT (Mandelbaum et al. 1994). After hemodilution the decrease in c02Hb 
was larger than in cHHb, reflecting a decreased cerebral 0 2 supply. Since we could 
not determine the absolute level of cerebral 0 2 supply due to the limitation of the 
NIRS method, it is unknown whether the reduction of cerebral 0 2 supply will be 
hazardous for cerebral tissue. The level of cCyt.aa3 was unchanged, which might 
suggest unchanged cerebral 0 2 sufficiency. Using NIRS in rabbits it has been 
shown that cCyt.aa3 began to decrease after isovolemic hemodilution of 30 mL/kg 
(Lubarsky et al. 1992). In our patients the total exchange volume did not exceed 
30 mL/kg. It seems to be possible, that in our patients the decreased 0 2 content 
after hemodilution has been compensated for by increased CBF and possibly 
increased 0 2 extraction in order to maintain cerebral 0 2 sufficiency (Hudak et al. 
1986; Todd et al. 1994). However, the results of our study might raise the question 
whether polycythemic infants might benefit from hemodilution. Data from the 
literature are conflicting, showing both improved (Black et al. 1985; Black et al. 
1989) as well as adverse (Bada et al. 1992; Goldberg et al. 1982; Van der Eist et al. 
1980) neurodevelopmental outcome after treatment with hemodilution. 
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During partial exchange transfusion the mean volume of each blood withdrawal 
was estimated to be about 7% of total blood volume, which is assumed 85 mL/kg 
body weight. Since CBFV and ctHb did not change, it appears that such a small 
reduction in the circulatory volume will not influence cerebral perfusion. 
Although blood transfusion and hemodilution result in changes in cHb of the 
same magnitude but in the opposite direction, the effects on cerebral oxygenation 
and hemodynamics are not simply a reversal of each other. This confirms that 
arterial 0 2 content is not the single regulator of cerebral oxygenation and 
hemodynamics (Jones & Traystman, 1984). The influence of arterial pC02 on 
changes in cerebral oxygenation and hemodynamics seemed to be negligible since 
tcpC02 was unchanged after both procedures. However, there were differences 
between both procedures, which might influence the regulation of cerebral 
oxygenation and hemodynamics. During nonisovolemic blood transfusion the 
circulatory volume was increased by about 18%, which might improve tissue 
perfusion, including the brain, and might explain why the decrease in CBFV after 
blood transfusion was proportionally less than the increase in CBFV after 
hemodilution, despite the same magnitude of cHb changes. Increased circulatory 
volume may also explain the observed improvement in skin circulation and 
oxygenation as reflected by a small, but significant increase in tcp02 after blood 
transfusion. Finally, hemodilution was performed over a relatively short time 
compared with blood transfusion. It is possible that the new steady state in cerebral 
microcirculation after hemodilution was not as complete as after blood transfusion. 
In summary, in newborn infants using NIRS and Doppler ultrasound we have 
demonstrated an improvement in cerebral oxygenation after blood transfusion in 
anemia. Hemodilution in polycythemia, however, did not improve cerebral 
oxygenation despite an improvement in cerebral perfusion. Blood withdrawal during 
exchange transfusion not exceeding 7% of the circulatory volume does not seem to 
influence cerebral perfusion. 
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Abstract 
Objective. To investigate the effects of open, closed, and sham endotracheal 
suctioning (ETS) on changes in cerebral oxygenation and hemodynamics and some 
selected physiological variables in ventilated preterm infants. 
Methods. In ten ventilated preterm infants with hyaline membrane disease open, 
closed, and sham ETS was performed in random order with an interval between 
interventions of 1 h. Changes in concentration of oxyhemoglobin (c02Hb), 
deoxyhemoglobin (crfflb), and oxidized cytochrome aa3 (cCyt.aa3) in cerebral 
tissue and changes in cerebral blood volume (CBV) were measured using near 
infrared spectrophotometry; changes in mean cerebral blood flow velocity (CBFV) 
in the internal carotid artery were measured using pulsed Doppler ultrasound. Heart 
rate (HR), transcutaneous partial pressure of oxygen and carbon dioxide (tcp02 and 
tcpC02), and arterial 0 2 saturation (ja02) were measured simultaneously. All 
variables were continuously recorded. 
Results. In the first 3 min after the start of open and sham ETS the level of c02Hb, 
ja02 , and tcp02 decreased, whereas that of cHHb increased. Closed ETS resulted 
only in a decreased level of ja02 and tcp02. The changes in the level of cHHb and 
sa02 were smaller as compared to open and sham ETS, whereas the changes in the 
level of tcp02 were smaller as compared to sham ETS. Although no significant 
changes in the level of CBV, CBFV, tcpC02, or HR were found after closed ETS, 
significant positive and negative peaks in these variables occurred as well. Among 
the three ETS procedures no differences were found in the maximal fluctuation (the 
difference between positive and negative peak) of the measured variables, except for 
cHHb, sa02, and tcp02. During closed ETS the fluctuations in cHHb were less 
when compared to open ETS, whereas the fluctuations in sa02 and tcp02 were less 
when compared to sham ETS. No significant changes or fluctuations in cCyt.aa3 
were found after any ETS procedure. After incorporation of the closed ETS device 
in the ventilation circuit, tcpC02, CBFV, HR, c02Hb, and CBV increased. 
Conclusions. Closed ETS in ventilated preterm infants results in a smaller decrease 
of cerebral 0 2 supply when compared to open ETS, but fluctuation in cerebral 
hemodynamics still occurs. Due to the large dead space of the closed ETS device, 
hypercapnia occurs, which results in cerebral hyperperfusion. 
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Introduction 
Endotracheal suctioning (ETS) is part of the routine nursing care of mechanically 
ventilated newborn infants. This procedure is considered necessary to remove 
airway secretion and prevent obstruction of the endotracheal tube. It is usually 
carried out as an open procedure, which requires disconnection of the endotracheal 
tube from the ventilator circuit. In infants with severe respiratory disease open ETS 
has been shown to be associated with hypoxemia, fluctuations in heart rate and 
blood pressure, and disturbances in cerebral oxygenation and hemodynamics 
(Fanconi & Duc, 1987; Ninan et al. 1986; Perlman & Volpe, 1983; Shah et al. 
1992; Skov et al. 1992b). Closed ETS, which is carried out without disconnecting 
the endotracheal tube from the ventilator circuit, has been shown to result in less 
severe hypoxemia in ventilated preterm infants (Gunderson et al. 1986) and adults 
(Clark et al. 1990; Johnson et al. 1994). It is not known whether closed ETS is also 
less detrimental to cerebral oxygenation and hemodynamics in ventilated preterm 
infants. Therefore, in this study using near infrared spectrophotometry (NIRS), the 
changes in cerebral oxygenation and hemodynamics were investigated during open, 
sham, and closed ETS. 
Materials and methods 
Study population 
The study was approved by the University Hospital ethics committee. After 
obtaining informed parental consent 10 preterm infants (7 male, 3 female) with a 
mean gestational age of 31 (28.1 to 34.0) weeks and a mean birth weight of 1489 
(940 to 2050) g were studied. Infants with hyaline membrane disease requiring 
artificial ventilation with rates more than 15 breaths/min and a fraction of inspired 
0 2 concentration higher than 0.40 were included in the study. Infants with 
congenital malformation, asphyxia, seizures, cerebral hemorrhage, respiratory 
distress due to other causes, and small-for-date infants (birth weight below the 2.3 
percentile) were excluded. The infants were studied after the age of 24 h. The 
internal diameter of the endotracheal tube was 2.5 mm in five infants and 3 mm in 
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the other five infants. Five infants were sedated with midazolam (0.1 - 0.2 
mg/kg-h) and one infant was paralyzed with pancuronium (0.01 mg/kg-h) during 
the study. Three infants were treated with dopamine (5 μg/kg·min). 
Near infrared Spectrophotometry 
The NIRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK), and produced by 
Radiometer (Copenhagen, Denmark) (Thorniley et al. 1990). The method is based 
on continuous spectrophotometric measurement of oxygenation-dependent changes 
in the absorption properties of hemoglobin and cytochrome aa3 in the near infrared 
region (Jobsis, 1977). Our NIRS measurement procedure has been published earlier 
(Liem et al. 1994). Briefly, near infrared light at three wavelengths (904, 845, and 
775 nm) was transmitted through the skull by fiberoptic bundles. The transmitting 
and receiving optodes were fixed to the skull as previously described (Liem et al. 
1992c). The optodes were applied in opposing positions at the parietotemporal 
region of the skull. The interoptode distance was always over 2.5 cm, to ensure a 
constant pathlength multiplying factor (Van der Zee et al. 1992), which has been 
stated to be 4.39 times the interoptode spacing (Wyatt et al. 1990b). Since the 
extent of light attenuation caused by scattering and oxygenation-independent 
absorption by tissue is unknown, but considered constant, only concentration 
changes of oxyhemoglobin (Ac02Hb), deoxyhemoglobin (AcHHb), and 
(oxidized - reduced) cytochrome aa3 (AcCyt.aa3) can be calculated from changes 
in absorption of near infrared light at these 3 wavelengths using the described 
algorithm (Thorniley et al. 1990; Wickramasinghe & Rolfe, 1993) and the obtained 
optical pathlength. Using a value of 1.05 g/mL for brain-specific mass these 
concentration changes are expressed in μπιοΙ/100 g. Therefore, during NIRS 
measurement only changes in these variables are obtained as a trend. Ac02Hb and 
AcHHb reflect changes in cerebral 0 2 supply, whereas AcCyt.aa3 reflects changes in 
cerebral 0 2 sufficiency (Jöbsis-Vandervliet, 1991). Changes in concentration of total 
hemoglobin (ActHb) were calculated as the sum of Ac02Hb and AcHHb. Changes 
in cerebral blood volume (ACBV), expressed in mL/100 g, were calculated from the 
formula: 
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ACBV = 4 · ActHb 
0.69 · cHb 
where cHb is the blood hemoglobin concentration in mmol/L, 0.69 is the 
cerebral-arterial hematocrit ratio (Lammertsma et al. 1984), and 4 is a correction 
factor, since ctHb is calculated from changes in light absorption using an extinction 
coefficient based on the tetraheme molecule, while cHb determination is based on 
the monoheme molecule. 
Doppler ultrasound 
Cerebral blood flow velocity (CBFV) in the supraclinoid internal carotid artery was 
continuously measured using a 3.5-MHz pulsed Doppler flowmeter (ATL 400 B, 
Advanced Technology Laboratories, Bellevue, WA, USA), the anterior fontanelle 
being used as an acoustic window. The insonation angle was assumed to be 
negligible (less than 10°) (Mullaart et al. 1989). The Doppler transducer was kept in 
a holder as described previously (Liem et al. 1994). Instantaneous frequency in the 
Doppler flowmeter was estimated with a zero-crossing technique (time-interval 
histogram). The time-interval histogram output was filtered with a 0.3-Hz low pass 
filter and the obtained mean (time-averaged) velocity was recorded. Changes in the 
mean CBFV (ACBFV) after ETS were expressed as a percentage of the values 
before the procedure. Assuming that the internal carotid artery diameter did not 
change, CBFV changes will indicate similar CBF changes. A good correlation has 
been reported between mean CBFV as measured by Doppler ultrasound and CBF as 
measured by the Xenon clearance method (Greisen et al. 1984b). 
Other physiological measurements 
Using a neonatal monitor (HP 78801 B, Hewlett Packard, Boeblingen, Germany) 
heart rate (HR) was recorded continuously. The abdominal transcutaneous partial 
pressure of oxygen and carbon dioxide (tc/?02 and tcpC02) (Transend, 
Sensormedics Corp., Anaheim, CA, USA) were also recorded continuously as well 
as the arterial 0 2 saturation (sa02) at the foot using pulse oximetry (N 200, Nellcor 
Inc., Hayward, CA, USA). Blood samples for determination of partial pressure of 
carbon dioxide (pC02) and cHb were drawn from a capillary heel puncture before 
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starting the experiment. Determination of capillary pC02 was repeated when a new 
steady state was achieved after the incorporation of the closed ETS device. 
Data acquisition 
For the recording of the NIRS variables, CBFV, HR, tcp02, tcpC02, and sa02 we 
used a specially designed data acquisition program, offering real time visual 
inspection of the data and storage to hard disk at a sample rate of 1 Hz. 
Experimental protocol 
In each infant three different procedures were performed: 
- Open ETS procedure: 
The open ETS was the standard nursery procedure. After disconnection from the 
ventilator 0.5 mL of 0.9% saline solution was injected into the endotracheal tube 
followed by reventilation of three cycles with the same ventilatory setting. The 
tube was then disconnected again from the ventilator and a 6 Fr suction catheter 
(Argyle, Sherwood Medical, Tullamore, Ireland; external diameter 2 mm) was 
advanced into the tube until a slight resistance was met. The catheter was then 
withdrawn slowly, while a suctioning pressure of 150 mm Hg was applied. 
Thereafter the endotracheal tube was reconnected to the ventilator. 
- Sham ETS procedure: 
The same procedure as A, but without introduction of the suctioning catheter in 
the endotracheal tube and without suctioning. The duration of the disconnection 
from the ventilator was kept similar to that in open ETS. 
- Closed ETS procedure: 
A closed ETS device (Trachcare, Ballard Medical Products, Draper, Utah, USA) 
with a 6 Fr suction catheter (external diameter 2 mm) was incorporated between 
the endotracheal tube and the ventilator circuit. Thereafter the infants were left 
quietly for 30 min, allowing them to achieve a new steady state. Before 
suctioning 0.5 mL 0.9% saline solution was injected into the endotracheal tube 
through the side port of the suction device, followed by three ventilation cycles. 
Then the suction catheter was advanced into the endotracheal tube until a slight 
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resistance was met. After unlocking the suction valve, the catheter was 
withdrawn slowly using the same suction pressure as in open ETS. 
The sequence of the procedures was randomly assigned in such a way that in half 
of the infants the procedure was started with open followed by sham and closed 
ETS and in the other half it was started with closed followed by sham and open 
ETS. The different procedures were separated from each other by about 1 h. These 
procedures were performed by the same person (KDL). During the first 3 min after 
the start of the ETS the ventilator setting was unchanged. Thereafter the fraction of 
inspired 0 2 concentration was increased as much and for as long as was needed to 
keep ia0 2 between 90 and 95%. In each infant data recording was started 10 to 
15 min before the start and continued till 10 to 15 min after completion of the ETS 
procedures. 
Data analysis 
From each variable we selected data from 5 episodes during each ETS (Fig. 7.1): 
A: a period of 30 s just before the start of ETS. For this period mean (= base 
level) and SD are calculated 
B: a period of 3 min after the start of the ETS. 
С: a period of 30 s beginning 3 min after the start of the ETS. 
D: a positive peak which exceeded the base level by more than 2 SD for more 
than 3 s. When no peak was found a value of zero was taken. 
E: a negative peak which was more than 2 SD below the base level for more 
than 3 s. When no peak was found a value of zero was taken. 
For the closed ETS a period of 30 s just before incorporation of the closed ETS 
device (F, not shown on Fig. 7.1) was also taken. 
The differences in the mean values between В and A, between С and A, and 
between D and E were calculated to determine the effect of ETS, the recovery of 
the measured variables at 3 min after the start of the ETS, and the maximal 
fluctuation in the measured variables during the first 3 min after ETS, respectively. 
The differences in the mean values between A and F were also calculated to assess 
the effect of incorporation of the closed ETS device. 
86 Chapter 7 
о 
> 
Fig. 7.1. Schematic representation of the data analysis. For explanation see text. 
Changes within each ETS were analyzed using the Wilcoxon signed-rank test. 
Comparisons of the changes between the three ETS procedures were analyzed using 
the Friedman test followed by the contrast test of Nemenyi (Hollander & Wolfe, 
1973). The level of significance was chosen at 0.01 to correct for multiple testing 
(Bonferoni correction). The results are presented as median and range of the 
individual changes. 
Results 
A typical example of continuous NIRS and Doppler ultrasound registration during 
open, closed, and sham ETS in a ventilated infant is shown in Fig. 7.2. 
During the first 3 min after the start of open and sham ETS significant decreases 
in the level of c02Hb, sa02, and tcp02 were observed, whereas the level of cHHb 
showed a significant increase. However, after the start of closed ETS significant 
decreases were observed only in the levels of sa0 2 and tcp02 (Table 7.1). No 
significant changes in the level of the other variables were found. Among the three 
ETS procedures significant differences were found in the changes of cHHb, sa02, 
and tcp02. After closed ETS, cHHb and sa02 showed smaller decreases when 
ETS 
1 
=ш 
A 
30 0 30 
wê, 
^ E 
В 
60 90 120 
time (s) 
\ D 
w- + 2SD • 
с 
150 180 210 
Endotracheal suctioning 87 
compared to open or sham ETS, and tcp02 showed a smaller decrease when 
compared to sham ETS. No differences were found in the changes of the other 
variables. 
Although significant changes were observed only in sa0 2 and tcp02 after closed 
ETS, significant fluctuations in the other measured variables except cCyt.aa3 also 
occurred during closed ETS (Table 7.2). Similar fluctuations occurred during open 
and sham ETS. Among the three ETS procedures significant differences only in the 
magnitude of the fluctuations in cHHb, sa02, and tcp02 were observed. The 
magnitude of the fluctuations in cHHb during closed ETS was smaller than during 
open ETS, and those in ia0 2 and tcp02 during closed ETS were smaller than those 
during sham ETS (Table 7.2). No differences were found in the magnitude of the 
fluctuations in the other variables. 
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Fig. 7.2. Continuous NIRS and Doppler ultrasound registration with sampling frequency of 1 Hz during 
open, sham, and closed endotracheal suctioning (ETS) in a 28-week, 940-g, ventilated infant. 
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Table 7.1. The changes in the measured variables during the first 3 mm (В - A) after open, sham, and 
closed endotracheal suctioning (ETS) (η - 10) 
Дс02НЬ Oímol/100 g) 
AcHHbOimol/lOOg) 
ДСВ (mL/100 g) 
ACBFV (%) 
Д і а 0 2 (%) 
Atcp02 (mm Hg) 
AtcpCOj (mm Hg) 
AHR (beats/min) 
Open ETS 
- 0 3 1 * 
(-0 54, - 0 18) 
0 24* 
(OU ,0 34) 
- 0 04 
(-0 20 , 0 06) 
- 9 2 
(-24 6 ,8 5) 
- 3 6* 
( - 5 6 , - 1 6 ) 
- 6 7* 
(-11 1 , - 2 6 ) 
08 
(-0 5 , 2 4) 
- 0 2 
(-8 1 ,7 0) 
Sham ETS 
- 0 26* 
(-0 45 , - 0 06) 
0 19* 
(0 15 ,0 34) 
- 0 02 
(-0 15 ,0 08) 
- 6 1 
(-27 1 ,7 7) 
- 3 5* 
(-6 1 , - 0 7) 
- 6 9* 
(-115 , - 5 2 ) 
02 
( - 0 5 , 1 8) 
1 3 
( - 1 6 , 8 8) 
Closed ETS 
- 0 16 
(-0 4 2 , 0 28) 
0 13#t 
(-0 0 8 , 0 23) 
- 0 03 
(-0 14,0 12) 
- 2 9 
( - 1 5 5 , 9 3 ) 
— 1 0* # t 
( - 2 7 , - 0 1) 
- 3 4* t 
(-7 8 , 17) 
04 
( - 1 6 , 2 3 ) 
08 
(-6 3 , 3 8) 
Values are median (range) 
* Significant changes (ρ < 0 01, Wilcoxon signed-rank test) 
# Different from open ETS (p < 0 01, Nemenyi test) 
t Different from sham ETS (ρ < 0 01, Nemenyi test) 
At 3 min after each ETS procedure the levels of the measured variables were not 
statistically different from the base levels with the exception of a lower level of 
c02Hb after open ETS (median —0.11, range -0.58 to -0.03 μΐηοΙ/100 g) and a 
higher level of HR after sham ETS (median 2.5, range 0.1 to 15.2 beats/min). 
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Table 7.2. The difference between significant positive and negative peak changes in the measured variables 
during the first 3 mm (D — E) after open, sham, and closed endotracheal suctioning (ETS) (л = 10) 
Де02НЬ (μπιο1/100 g) 
ДсННЬ (ftmol/100 g) 
ДСВ (mL/100 g) 
ACBFV (%) 
Asa02 (%) 
Atçp02 (mm Hg) 
AtcpC02 (mm Hg) 
AHR (beats/min) 
Open ETS 
0 87 
(0 49 , 1 24) 
0 56 
(0 39 , 0 78) 
0 27 
(0 08 ,0 41) 
38 5 
(26 0 , 75 8) 
98 
(4 7 , 27 6) 
180 
(9 7 , 29 7) 
1 8 
( 0 0 , 4 0 ) 
18 1 
(0 0 , 72 0) 
Sham ETS 
0 75 
(0 39 , 1 03) 
0 52 
(0 3 2 , 0 74) 
0 17 
(0 00 , 0 42) 
23 8 
(17 5 ,78 7) 
116 
(5 0 , 17 3) 
16 2 
(12 2 , 3 8 2) 
14 
( 0 0 , 2 7 ) 
149 
(0 0 , 32 7) 
Closed ETS 
0 69 
(0 28 , 1 13) 
0 40# 
(0 17 , 0 53) 
0 25 
(0 00 , 0 74) 
28 3 
(21 4 , 60 7) 
6 0t 
(2 7 , 14 7) 
9 1t 
(5 0 , 23 6) 
15 
( 0 0 , 2 9 ) 
29 2 
(0 0 , 5 3 0) 
Values are median (range) 
# Different from open ETS (ρ < 0 01, Nemenyi test) 
t Different from sham ETS (ρ < 0 01, Nemenyi test) 
The incorporation of the closed ETS device in the ventilation circuit resulted in 
significantly increased tcpC02 (median 7.4, range 0.2 to 16.0 mm Hg), CBFV 
(median 34.2, range 10.7 to 62.4%), HR (median 5.3, range -0.3 to 21.8 
beats/min), c02Hb (median 0.85, range 0.20 to 1.51 μηιοι/ΙΟΟ g), CBV (median 
0.44, range 0.14 to 0 80 mL/100 g), and capillary pC02 (median 14.3, range 2.3 to 
28.5 mm Hg). 
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Discussion 
In the present study we have shown that open ETS is accompanied by hypoxemia 
resulting in decreased cerebral 0 2 supply. Although the net result during the 3 min 
after starting the ETS showed no significant changes in CBV and CBFV, 
fluctuations in these variables also occurred, indicating fluctuations in cerebral 
hemodynamics. A similar decrease in cerebral 0 2 supply has been shown in 
previous NIRS investigations during open ETS, but the reported changes in CBV 
were conflicting, showing either a decrease or no change (Shah et al. 1992; Skov et 
al. 1992b). The changes in CBFV differ from those in a previous Doppler 
ultrasound investigation during open ETS, which showed a predominant increase in 
CBFV (Perlman & Volpe, 1983). No clear explanation can be given for these 
differences, but differences in the suctioning procedure itself might play a role. 
Despite the decrease in cerebral 0 2 supply, cCyt.aa3 was unchanged, suggesting that 
cerebral 0 2 sufficiency remained intact. Since the algorithm for calculating 
AcCyt.aa3 is derived from experiments on rat brains after exchange transfusion with 
fluorocarbon, cCyt.aa3 data should be interpreted with caution (Pryds et al. 1990b; 
Skov & Greisen, 1994). However, there is some evidence that cCyt.aa3 remains 
unchanged during small fluctuations in ja02 (Edwards et al. 1991) and tends to 
decrease only after severe hypoxemia when cerebral energy loss occurs (Tsuji et al. 
1995). Since the hypoxemia was not severe (ia02 decrease not more than 10%), it 
can be expected that the redox state of cCyt.aa3 will not be affected during open 
ETS. 
The measured changes during open ETS are probably caused by interruption of 
the ventilation during suctioning, since the same changes were observed in the sham 
procedure with the same duration. Although it has been shown in newborn lambs 
that the hemodynamic changes were mainly caused by the suctioning procedure 
itself, probably mediated by autonomic nervous activity (Segar et al. 1993), we 
found no difference in the HR response between open and sham ETS. 
Closed ETS, which permits suctioning without interrupting ventilation, has been 
shown to reduce hypoxemia in adults (Clark et al. 1990; Johnson et al. 1994) and 
infants (Gunderson et al. 1986). It can be expected that closed ETS might also 
avoid the adverse effects on cerebral oxygenation and hemodynamics. In the present 
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study it has been shown that closed ETS resulted in less reduction of ¿a02, tcp02, 
and cerebral 0 2 supply, but fluctuations in CBV, CBFV, HR, and tcpC02 still 
occurred with the same magnitude as during open ETS. Therefore the advantage of 
closed ETS in ventilated preterm infants is small. This disappointing result in 
comparison to adults is probably caused by the different ratio between the cross 
sectional area of the endotracheal tube and the cross sectional area of the suction 
catheter. In adults using an endotracheal tube with an internal diameter of 8 mm 
and a suction catheter with an external diameter of 10 Fr (= 3.3 mm), only 17% of 
the internal cross sectional area of the endotracheal tube will be obstructed by the 
suction catheter. On the other hand in our infants, using an endotracheal tube with 
an internal diameter of 3 or 2.5 mm and a suction catheter with an external 
diameter of 6 Fr (= 2 mm), 44 to 64% of the internal cross sectional area of the 
endotracheal tube will be occupied by the suction catheter. In an in vitro model 
using the same size of endotracheal tube and suction catheter it has been shown that 
closed ETS did not preserve continuity of volume and pressure delivery during the 
suction procedure (Monaco & Meredith, 1992). Reduction of the external diameter 
without decreasing the internal diameter of the suction catheter by reducing the 
thickness of the catheter wall is recommended. Therefore, the usefulness of the 
currently available closed ETS device for prevention of fluctuation in cerebral 
oxygenation and hemodynamics in ventilated preterm infants must be questioned. 
In our study the suction catheter during closed ETS was advanced beyond the tip 
of the endotracheal tube. In newborn lambs this procedure has been shown to evoke 
increased autonomic nervous activity, resulting in hemodynamic changes, which did 
not occur when the suction catheter was advanced only to the tip of the 
endotracheal tube (Segar et al. 1993). Moreover, deep ETS in young rabbits has 
been proved to result in major disruption of the mucosal epithelium and increased 
mucus production (Bailey et al. 1988). Therefore, investigations on the influence of 
closed ETS with shallow insertion of the suction catheter might be useful. 
A point of concern is the increase in cerebral perfusion (increased CBV and 
CBFV) after incorporating the closed ETS device, which is probably caused by 
hypercapnia due to the relatively large dead space of this device. This might be 
harmful for the preterm brain, since increased cerebral perfusion is considered a risk 
factor for development of periventricular hemorrhage (Volpe, 1989a; Volpe, 1989b). 
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This adverse effect can be compensated for by increasing the minute volume of the 
artificial ventilation. This, however, might give an additional barotrauma, which 
will increase the risk of bronchopulmonary dysplasia (Abman & Groothuis, 1994). 
Dead space reduction of the ETS device for application in preterm infants is 
recommended. 
In conclusion, closed ETS in ventilated preterm infants resulted in a smaller 
decrease in cerebral 0 2 supply during suctioning, but fluctuation in cerebral 
hemodynamics still occurred. Moreover, due to the large dead space of the closed 
ETS device, hypercapnia resulted in cerebral hyperperfusion, which might be 
harmful for the brain. Reduction of the dead space in this device and reduction of 
the external diameter of the suction catheter may be necessary. 
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Abstract 
Objective. To investigate cerebral oxygenation and hemodynamics in relation to 
changes in some relevant physiological variables during induction of extracorporeal 
membrane oxygenation (ECMO) in newborn infants. 
Methods. Twenty-four newborn infants requiring ECMO were studied from 
cannulation until 60 min after starting ECMO. Concentration changes of 
oxyhemoglobin (c02Hb), deoxyhemoglobin (cHHb), total hemoglobin (ctHb), and 
(oxidized - reduced) cytochrome aa3 (cCyt.aa3) in cerebral tissue were measured 
continuously by near infrared spectrophotometry. Heart rate, transcutaneous partial 
pressure of oxygen and carbon dioxide (tcp02 and tcpC02), arterial 0 2 saturation 
(ia02), and mean arterial blood pressure (MABP) were measured simultaneously. 
Intravascular hemoglobin concentration (cHb) was measured before and after 
starting ECMO. In 18 of the 24 infants, mean cerebral blood flow velocity (CBFV) 
and pulsatility index (PI) in the internal carotid and middle cerebral arteries were 
also measured before and after starting ECMO using pulsed Doppler ultrasound. 
Results. After carotid ligation c02Hb decreased, whereas cHHb increased. After 
jugular ligation no changes in cerebral oxygenation were found. At 60 min after 
starting ECMO the values of c02Hb, ia0 2, tcp02, and MABP were significantly 
higher than the precannulation values, whereas the value of clfflb was lower. There 
were no changes in cCyt.aa3, tcpC02, and heart rate, whereas cHb decreased. The 
CBFV was significantly increased in the major cerebral arteries except the right 
middle cerebral artery, whereas PI was decreased in all measured arteries. Cerebral 
blood volume, calculated from changes in ctHb and cHb, was increased in 20 of 24 
infants after starting ECMO. Using multivariate regression models, a positive 
correlation of ActHb (representative of changes in cerebral blood volume) with 
ΔΜΑΒΡ and a negative correlation with Atcp02 were found. 
Conclusions. The alterations in cerebral oxygenation after carotid artery ligation 
might reflect increased 0 2 extraction. Despite increase of the cerebral 0 2 supply 
after starting ECMO, no changes in intracellular 0 2 sufficiency were found, 
probably because of sufficient preservation of intracellular cerebral oxygenation in 
the pre-ECMO period despite prolonged hypoxemia. The increase in cerebral blood 
volume and CBFV may result from the following: (1) reactive hypoperfusion, 
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(2) loss of autoregulation because of prolonged hypoxemia before ECMO and/or 
decreased arterial pulsatility, or (3) compensation for hemodilution related to the 
ECMO procedure. 
Introduction 
Extracorporeal membrane oxygenation (ECMO) is used to treat newborn infants 
with severe respiratory failure who do not respond adequately to conventional 
treatment (Short et al. 1987; Stolar et al. 1991). The principle of ECMO is based on 
prolonged partial cardiopulmonary bypass. The survival rate is over 80%, but 
cerebrovascular injury is an important complication (Stolar et al. 1991; Taylor et al. 
1989). Generally, the ECMO patient is hypoxemic for hours before ECMO is 
started. Induction of ECMO may result in significant changes in cerebral circulation 
caused by ligation of the right common carotid artery and internal jugular vein, 
decreased arterial pulsatility because of cardiopulmonary bypass, and rapid changes 
in arterial partial pressure of oxygen (pa02) and carbon dioxide (paC02). However, 
in humans the effects of these changes on cerebral oxygenation and hemodynamics 
and their role in the pathophysiology of cerebrovascular injury have not been 
investigated extensively. 
Near infrared spectrophotometry (NIRS) offers the possibility of noninvasive and 
continuous bedside investigation of cerebral oxygenation in newborn infants 
(Thorniley et al. 1990; Wyatt et al. 1986). We reported preliminary observations of 
marked changes in cerebral oxygenation and hemodynamics during induction of 
ECMO (Liem et al. 1992a; Liem et al. 1992b). In this report, we present further 
data and describe the relation between changes in cerebral oxygenation and 
hemodynamics and changes in some physiological variables during induction of 
ECMO. 
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Materials and methods 
Study population 
After obtaining informed parental consent, we studied 24 ECMO patients (17 male 
and 7 female, gestational age 35.1 to 40.9 weeks, birth weight 2100 to 4330 g). The 
study was approved by the University Hospital ethics committee. The indication for 
ECMO was failure to maintain normoxemia despite adequate conventional treatment 
using mechanical ventilation, sedation, muscle paralysis, and vasoactive drugs. All 
infants met the established entry criteria for ECMO (Short et al. 1987); infants with 
cerebral hemorrhage or cerebral malformation were excluded. The underlying 
diseases were congenital diaphragmatic hernia (n = 9), meconium aspiration 
syndrome (« = 6), sepsis (n = 5), and persistent pulmonary hypertension from other 
causes (n = 4). During cannulation the infants were anesthetized with fentanyl. 
Standard veno-arterial ECMO was performed (Short et al. 1987). After starting 
ECMO, flow rate of the bypass was increased gradually during several minutes until 
reaching a level (ranging from 136 to 205 mL/kg-min) needed to maintain arterial 
0 2 saturation (sa02) between 90 and 100% as measured by pulse oximetry. This 
flow rate is considerably higher than recommended (Short et al. 1987), but proved 
to be necessary and was not limited by egress of blood from the venous cannula. 
Subsequently, the ventilator was set at a lower level for pressure, rate, and fraction 
of inspired 0 2 concentration to minimize barotrauma and 0 2 toxicity. Systemic 
heparinization was established. Medication administered before ECMO was 
continued during the measurement period. 
Near Infrared Spectrophotometry 
This technique is based on the spectrophotometric measurement of changes in the 
absorption properties of hemoglobin and cytochrome aa3 in the near infrared region, 
depending on their oxygenation state (Jobsis, 1977). The NIRS equipment used was 
developed by the Department of Biomedical Engineering and Medical Physics, 
University of Keele (UK) and produced by Radiometer (Copenhagen, Denmark) 
(Thomiley et al. 1990). Details of our NIRS measurement have been described 
elsewhere (Liem et al. 1994). Briefly, near infrared light at 3 wavelengths (904, 
845, and 775 nm) was transmitted through the skull by fiberoptic bundles. Using 
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the described algorithm, concentration changes of oxyhemoglobin (Ac02Hb), deoxy-
hemoglobin (AcHHb), total hemoglobin (ActHb), and (oxidized - reduced) 
cytochrome aa3 (AcCyt.aa3) were calculated from changes in absorption of near 
infrared light at the 3 wavelengths mentioned. The transmitting and receiving 
optodes were fixed to the skull at an angle of approximately 90°, one at the anterior 
fontanelle and the other at the right parietotemporal region. In all infants, the 
interoptode spacing was greater than 2.5 cm to ensure a constant pathlength 
multiplying factor (Van der Zee et al. 1992), which has been stated to be 4.39 times 
the interoptode spacing (Wyatt et al. 1990b). As the optical pathlength is 
wavelength-dependent, some modification of the algorithm has been made 
(Wickramasinghe & Rolfe, 1993). Ac02Hb and AcHHb reflect changes in cerebral 
0 2 supply, whereas AcCyt.aa3 reflects changes in cerebral 0 2 sufficiency 
(Jöbsis-Vandervliet, 1991). When the intravascular hemoglobin concentration (cHb) 
is unchanged, ActHb reflects changes in cerebral blood volume (CBV). 
Measurements were started just before the cannulation procedure and continued 
until 60 min after starting ECMO. 
Doppler ultrasound 
After having observed a possible increase in CBV after starting ECMO (Liem et al. 
1992a), we decided to add Doppler ultrasound investigation to the study, starting 
from infant number 7. Therefore, data for Doppler ultrasound investigations are 
available in only 18 of the 24 infants. Using a 5-MHz pulsed Doppler ultrasound 
unit (Ultramark 4, Advanced Technology Laboratories, Bothell, WA, USA) the 
time-averaged mean cerebral blood flow velocity (CBFV) in the major cerebral 
arteries was measured intermittently. The pulsatility index (PI) [(peak systolic blood 
flow velocity — end-diastolic blood flow velocity)/mean blood flow velocity] was 
also calculated. The flow velocities in the supraclinoid internal carotid artery were 
measured by placing the transducer at the anterior fontanelle. Measurement of the 
flow velocities in the middle cerebral artery in the Sylvian sulcus was performed by 
placing the transducer 1 to 2 cm in front of the right ear above the zygomatic 
process (Raju et al. 1989). Using this approach, the insonation angle was assumed 
to be negligible (less than 10°). Blood flow velocities were calculated using the 
built-in calipers and calculation program. Measurements were performed just before 
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application of the NIRS optodes at approximately 60 min before cannulation, and 
just after removal of the NIRS optodes at approximately 90 min after ECMO was 
started. The changes in CBFV and PI after induction of ECMO were expressed as 
percentages of their precannulation levels. 
Measurement of physiological variables 
Using a neonatal monitor (Sirecust 404N, Siemens, Erlangen, Germany), heart rate 
(HR) and (umbilical) mean arterial blood pressure (MABP) were recorded 
continuously. The abdominal transcutaneous partial pressure of oxygen and carbon 
dioxide (tcp02 and tcpC02) (Transend, Sensormedics Corp, Anaheim, CA, USA) 
and i a 0 2 at the foot by pulse oximetry (N 200, Nellcor Ine, Hayward, CA, USA) 
were also measured continuously. Data on tcpC02 and tcp02 in three infants and 
data on sa0 2 in one infant were not available because of technical failure. Blood 
samples for determination of pa0 2 , раС02, and cHb were drawn from the umbilical 
artery catheter just before cannulation and at 60 min after ECMO was started. 
Blood gas values and cHb were not corrected during this period. 
Data analysis 
From each continuously recorded variable (c02Hb, cHHb, cCyt.aa3, sa02, tc/?02, 
tcpC02, MABP, and HR), we obtained data on a 30-s period from six episodes: 
(A) just before the start of cannulation procedure, (B) just before carotid ligation, 
(C) post-carotid ligation just before insertion of the arterial cannula, (D) just before 
jugular ligation, (E) post-jugular ligation just before insertion of the venous 
cannula, and (F) at 60 min after starting ECMO (Fig. 8.1). The differences in the 
mean values over the 30-s period between С and B, between E and D, and between 
F and A were calculated to determine the effects of carotid ligation, jugular 
ligation, and ECMO induction, respectively. First, the changes of the variables were 
analyzed with a multivariate version of the signed-rank test (Koziol & Maxwell, 
1982) to protect the overall confidence level. Thereafter, statistically significant 
variables were analyzed further with the signed-rank test. The ρ values presented in 
the results are those from the (univariate) signed-rank test. The changes in CBFV 
and PI at 90 min and in cHb, pH, ргЮ2, and paC02 at 60 min after starting ECMO, 
related to their precannulation values, were also calculated. Each difference was 
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Fig. 8.1. Schematic representation of data selection from the continuous data registration (see text). 
statistically analyzed by performing the Wilcoxon signed-rank test. For both 
analyses, the level of significance was 0.05. 
The CBV (expressed in mL/100 g) can be calculated from the following 
formula: 
CBV 4 • c t H b 
0.69 · cHb 
where cHb is expressed in mmol/L and ctHb in μπιοΙ/100 g; 0.69 is the 
cerebral-large vessel hematocrit ratio (Lammertsma et al. 1984) and 4 is a 
correction factor, as ctHb is calculated from changes in light absorption using 
extinction coefficients based on the tetraheme molecule, whereas cHb determination 
in blood samples is based on the monoheme molecule. 
Because cHb changes after starting ECMO, ДСВ cannot simply be calculated 
from ActHb. Therefore: 
CBV
 + ACBV = 4 · (ctHb + ActHb) 
0.69 · (cHb + AcHb) 
and 
ActHb - 0.17 · AcHb • CBV ACBV = 
0.17 · (cHb + AcHb) 
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However, because the initial CBV in the individual infant is unknown, it is 
impossible to calculate ACBV exactly. Wyatt et al found a CBV value of 2.2 ± 
0.4 mL/100 g in newborn infants with normal brains (Wyatt et al. 1990a). As 
moderate to severe hypoxemia is the main feature in the pre-ECMO condition, the 
initial CBV in these infants could be expected to be higher as a result of cerebral 
vasodilation (Jones & Traystman, 1984; Wyatt et al. 1990a). Assuming that the 
precannulation CBV in these hypoxemic infants is between 2 and 6 mL/100 g, only 
the direction of ACBV could be estimated: 
If AcHb is positive: ACBV is positive when ActHb > 6 
0.17 • AcHb 
and negative when < 2. 
0.17 · AcHb 
If AcHb is negative: ACBV is positive when < 2 
6
 0.17 · AcHb 
and negative when > 6. 
0.17 · AcHb 
The distribution of ACBV direction among these infants was analyzed by the sign 
test. 
In an attempt to describe the relation between ActHb and the changes in selected 
physiological variables (AcHb, ΔΜΑΒΡ, Asa02, Atcp02, Apa02, AtcpC02, ApaC02, 
and AHR) at 60 min after starting ECMO, we assessed possible linear regression 
models with ActHb as a dependent variable and the changes in these selected 
physiological indices as independent variables. Because not all physiological 
variables were recorded in each infant, regression models could be assessed in only 
20 or 21 infants. For the three most suitable models, the regression coefficients (β) 
and the squared multiple correlation coefficients (R2) are given. Furthermore, to 
show the relative contribution to the explanation of the variation in ActHb, the 
partial R2 (taking into account all other variables in the model) is given. 
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Results 
After carotid ligation, significant decreases in c02Hb and MABP were found, 
whereas cHHb increased. The other variables showed no significant changes. 
Jugular ligation revealed only an increase in MABP (Table 8.1; Fig. 8.2). 
Table 8.1. Changes in NIRS and other physiological variables related to 
carotid and jugular ligation (л = 24). 
Carotid ligation Jugular ligation 
Дс02НЬ (^mol/100 g) -0.36* 0.02 
(-0.76,-0.18) (-0.18,0.17) 
ДсННЬ (^mol/100 g) 
ДсШЬ ОшіоІ/100 g) 
0.21* 
(0.02 , 0.69) 
-0.12 
-0.01 
(-0.24 , 0.21) 
0.06 
(-0.23,0.09) (-0.11,0.21) 
AcCyt.aa3 (^mol/100 g) -0.00 0.00 
(-0.00 , 0.01) (-0.00 , 0.01) 
Дга02 (%)t -0.73 1.01 
(-3.31 , 0.85) (-0.21 , 2.30) 
AtcpOj (mm Hg){ 
AtcpC02 (mm Hg)J 
ΔΜΑΒΡ (mm Hg) 
AHR (beats/min) 
-0.64 
(-2.03 , 0.20) 
0.22 
(-0.38 , 1.03) 
-1.90* 
(-6.41 , 0.32) 
-0.16 
(-3.56 , 0.85) 
Values are median (interquartile range). 
* Significant changes (p < 0.05). 
0.03 
(-0.46, 1.95) 
0.00 
(-0.58 , 1.08) 
1.27* 
(0.08 , 3.53) 
-0.55 
(-2.15 ,0.82) 
t» = 
tn = 
23. 
21. 
Table 8.2. Changes of the measured variables at 60 mm after starting ECMO 
as compared with precannulation values (n = 24) 
c02Hb (¿mol/lOO g) 
cHHb (^mol/100 g) 
ctHb (μιποΙ/100 g) 
cCytaa30imol/100 g) 
ía0 2 (%)t 
tcp02 (mm Hg)J 
tcpC02 (mm Hg)t 
MABP (mm Hg) 
HR (beats/min) 
рЮ2 (mm Hg) 
paCOj (mm Hg) 
pH 
сНЬ (mmol/L) 
Absolute 
precannulation values 
not available 
not available 
not available 
not available 
76 35 
(66 25 , 88 42) 
27 98 
(15 83 , 46 35) 
4102 
(33 59 , 64 07) 
40 56 
(34 80 , 50 95) 
159 04 
(147 34, 172 80) 
35 25 
(24 37 , 49 87) 
38 25 
(32 62 , 50 62) 
7 34 
(7 24 , 7 46) 
8 75 
(7 8 0 , 9 15) 
Changes 60 mm after 
starting ECMO 
1 80* 
(0 62 , 3 41) 
- 0 72* 
(-3 27 , - 0 20) 
0 13 
(-0 7 7 , 0 58) 
- 0 01 
(-0 0 6 , 0 05) 
18 60* 
(4 57 , 30 37) 
47 63* 
(18 82,64 99) 
0 15 
(-1171 ,543) 
1182* 
(7 01 ,25 32) 
- 5 16 
(-1431 , 1166) 
59 25* 
(29 75 , 104 25) 
- 4 25 
(-10 5 ,4 87) 
001 
(-0 0 7 , 0 06) 
- 1 9 5 * 
(-2 55 , - 0 60) 
Values are median (interquartile range) f η = 23 
• Significant changes (p < 0 05) J л = 21 
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Fig. 8.2. Changes of NIRS variables during cannulation and after starting ECMO. Car, changes related 
to carotid ligation; jug, changes related to jugular ligation; 60 min, changes at 60 min after starting 
ECMO as compared with precalculation values. Horizontal line represents the median value; the box 
covers the interquartile range. * Significant changes (p < 0.05). 
Immediately after starting ECMO, increases in ia0 2, tcp02, c02Hb, and MABP 
were observed, whereas cHHb decreased. At 60 min after starting ECMO, the 
variables had stabilized in most infants. By then, values of c02Hb, ja0 2 , tcp02, 
MABP, and pa0 2 were significantly higher than the precannulation values. The cHb 
was significantly decreased because of hemodilution by the ECMO priming solution 
(Table 8.2; Fig. 8.2). 
After starting ECMO, CBFV increased significantly in the major cerebral 
arteries except the right middle cerebral artery (Table 8.3). However, the direction 
of the blood flow in the right supraclinoid internal carotid artery was reversed in all 
infants. The PI values decreased significantly after starting ECMO (Table 8.3). 
The CBV increased in 15 of 24 infants after starting ECMO, which was 
statistically significant (p < 0.01). In the other nine infants, CBV decreased (и = 2) 
or did not change (n = 7). 
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Table 8.3. Changes in CBFV and PI values at 90 min after start of ECMO (я = 18). 
Internal carotid artery 
- Right 
-Left 
Middle cerebral artery 
- Right 
-Left 
CBFV 
Absolute 
prec annulation 
values (cm/s) 
21.0 
(17.0 , 27.0) 
20.0 
(16.0 , 26.0) 
23.5 
(20.0 , 35.0) 
23.5 
(21.0 , 31.0) 
Changes 60 min 
after starting 
ECMO (%) 
57.47*t 
(34.09 , 103.70) 
100.61* 
(52.49 , 166.67) 
18.57 
(-14.29,44.00) 
29.26* 
(5.56 ,42.86) 
Absolute 
precannulation 
values 
1.92 
(1.25 ,2.56) 
1.88 
(1.28 ,2.44) 
1.83 
(1.50 , 2.65) 
1.59 
(1.13 , 1.87) 
PI 
Changes 60 min 
after starting 
ECMO (%) 
-68.37* 
(-70.53 , -44.33) 
-59.60* 
(-72.60, -41.18) 
-65.92* 
(-75.12 , -59.24) 
-51.46* 
(-66.06 , -33.63) 
Values are median (interquartile range). 
* Significant changes (p < 0.01).. 
t Reversed flow 
After assessing each possible regression model, we found that a model with five 
independent variables appeared to be most suitable to describe the relation between 
ActHb and the changes in other variables at 60 min after starting ECMO. The best 
model (Ä2 = 0.67) had the independent variables AcHb, ΔΜΑΒΡ, Atc/>02, AtcpC02, 
and Лра02. The next two best models (R2 = 0.66) differed from the best model by 
substituting ДраС02 for AtcpC02 and Asa02 for Дра02, respectively. As could be 
expected, there was a strong correlation between ActHb and AcHb. In these models, 
after correction for the influence of the remaining independent variables, there was 
a positive correlation of ActHb with ΔΜΑΒΡ and a negative correlation with 
Atcp02 (p < 0.05). There was no statistically significant correlation between ActHb 
and Asa02, AHR, Apa02, or A/>aC02 after this correction. 
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Discussion 
Veno-arterial ECMO requires ligation of the right common carotid artery. When the 
collateral circulation through the circle of Willis is completely normal, perfusion of 
the right cerebral hemisphere will be sufficiently preserved. However, because 
incompleteness of the circle of Willis has been described in 0.6% of normal brains 
(Alpers et al. 1959), there is a risk of cerebral infarction in the right hemisphere. 
Conflicting data on lateralization of cerebral lesions in former ECMO patients have 
been reported (Schumacher et al. 1988; Taylor et al. 1989). In our study, ctHb was 
unchanged after carotid ligation, reflecting unchanged CBV. Assuming unchanged 
cerebral venous outflow, cerebral arterial inflow must remain unchanged as well. 
This is demonstrated by our and other Doppler ultrasound studies showing 
maintained antegrade blood flow in the right middle cerebral artery (Matsumoto et 
al. 1990; Raju et al. 1989; Taylor et al. 1988). Reversed blood flow in the right 
internal carotid artery, as found in our study, is evidence of collateral flow as well. 
The technique of N1RS may be useful to monitor cerebral hemodynamics during an 
occlusion test of the right common carotid artery before its definite ligation. When 
collateral circulation through the circle of Willis reveals inadequacy by showing a 
fall in CBV, veno-venous ECMO should be considered. The advantage of NIRS 
compared with (color) Doppler ultrasound is the possibility for hands-free 
continuous monitoring, even during the surgical cannulation procedure. 
After carotid ligation a c02Hb reduction with a concomitant cHHb increase was 
observed. This may reflect increased 0 2 extraction in the brain, caused by increased 
transit time of the blood resulting from diversion of the arterial blood supply to the 
right hemisphere. This is supported by the observation that, in contrast to the other 
major cerebral arteries, the right middle cerebral artery did not show a significant 
increase in CBFV. This compensatory mechanism is probably sufficient, because 
there is no significant change in cCyt.aa3, reflecting unchanged cerebral 0 2 
sufficiency. However, there is doubt about the reliability of the cytochrome aa3 
signal, which will be discussed later. 
Ligation of the right internal jugular vein might result in cerebral venous 
congestion (Cowan & Thoresen, 1983) and contribute to the occurrence of cerebral 
vascular lesions during ECMO (Taylor & Walker, 1992). However, in our study 
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ctHb and thus CBV did not change after jugular ligation; therefore, it might be 
concluded that the collateral venous system is sufficient for draining the cerebral 
venous blood. 
The improvement of arterial oxygenation after starting ECMO results in 
increased cerebral 0 2 supply (c02Hb). Nevertheless, cCyt.aa3 did not change, 
reflecting unchanged cerebral 0 2 sufficiency, which means sufficient preservation of 
intracellular oxygenation and energy metabolism in the cerebral tissue in the 
pre-ECMO period despite prolonged hypoxemia. In newborns, cCyt.aa3 seems to 
behave more independently from c02Hb, as the enzyme remains almost completely 
oxidized until severe hypoxemia occurs (Jöbsis-Vandervliet, 1991). However, data 
on cCyt.aa3 should be interpreted with caution because the algorithm used for 
calculating AcCyt.aa3 is derived from experiments on rat brains after exchange 
transfusion with fluorocarbon. Therefore, the data might be affected by noise due to 
residual hemoglobin after fluorocarbon exchange (Pryds et al. 1990b), as well as 
from scattering by fluorocarbon, which is different from that of erythrocytes. 
After induction of ECMO, we observed an increase in CBV, which may result 
from increased arterial inflow or decreased venous outflow (Mchedlishvili, 1986). 
Venous outflow decrease is unlikely to occur because during ECMO, venous blood 
is drained continuously from the right atrium. Increased arterial inflow is more 
likely the cause of increased CBV, as CBFV in the major cerebral arteries increases 
significantly, reflecting increased cerebral blood flow (CBF) (Greisen et al. 1984b). 
A high correlation between CBF and CBV changes has been shown in animals 
(Risberg et al. 1969). There is no clear-cut explanation for the increase of CBF and 
CBV after induction of ECMO. Data from the literature are contradictory. Induction 
of ECMO in normoxemic animals has been shown not to alter CBF (Short et al. 
1990) or to increase (Smith et al. 1989) or decrease (Nowlen et al. 1989; Rosenberg 
& Kinsella, 1992) CBF. These conflicting results may be caused by differences in 
the species used, in the bypass flow rate, and in the duration of ECMO before CBF 
was measured. However, because many physiological conditions change during 
ECMO induction, the cause of hemodynamic changes will be multifactorial. 
Some factors could influence cerebral hemodynamics during induction of 
ECMO. First, changes in arterial blood gas values are probably not responsible for 
the increases in CBV and CBF found in our study. No changes in paC02 and 
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acid-base balance were found. Increased ра02 would be expected to result in 
decreases of CBF and CBV. In the selected regression models, the inverse relation 
between ActHb, as a representation of ACBV, and Atcp02 was confirmed. On the 
other hand, the increases of CBV and CBFV may also be caused by reactive 
hyperperfusion due to prolonged hypoxemia before ECMO. In hypoxemic newborn 
piglets, significant cerebral hyperperfusion has been shown after restoration of 
normoxemia (Odden et al. 1989). 
Second, the regression models showed a clear relation between ΔΜΑΒΡ and 
ActHb as a representation of ACBV. Changes of CBV following changes of MABP 
are considered to result from disturbed autoregulation (Mchedlishvili, 1986), which 
occurs in distressed newborn infants (Lou et al. 1979). However, impairment of 
cerebral autoregulation occurs in normoxemic newborn lambs undergoing 
veno-arterial ECMO (Short et al. 1993). Disruption of the blood flow-metabolism 
couple in the brain occurs in pigs undergoing normothermic nonpulsatile 
cardiopulmonary bypass, indicating "luxury perfusion syndrome", but not in those 
undergoing pulsatile cardiopulmonary bypass (Andersen et al. 1985). It seems, 
therefore, that the ECMO procedure itself is a potential cause of impaired 
autoregulation. It introduces a reduced arterial pulsatility caused by the use of a 
roller pump, as reflected by the decreased PI in our patients. This might impair the 
autoregulatory function, as it has been postulated that the pulse pressure may 
participate in autoregulation of capillary beds (Andersen et al. 1985). 
Third, significant hemodilution during induction of ECMO will result in a 
decrease of arterial 0 2 content. Therefore, CBF will increase to maintain cerebral 
0 2 delivery (Jones & Traystman, 1984). 
It seems that these changes in cerebral hemodynamics after starting ECMO result 
from both the ECMO procedure itself and the prolonged pre-ECMO hypoxemia. 
Because fluctuations of cerebral hemodynamics in severely distressed infants might 
be harmful for the brain, they must be avoided. Further studies are necessary to 
identify all of the factors responsible for the perturbation of cerebral hemodynamics 
during ECMO. 
In conclusion, NIRS is a valuable tool for studying cerebral oxygenation and 
hemodynamics during induction of ECMO. We found alterations in cerebral 
oxygenation reflecting increased 0 2 extraction after carotid ligation, but not after 
по 
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subsequent jugular ligation. Despite the increase in the cerebral 0 2 supply after 
starting ECMO, intracellular 0 2 sufficiency was unchanged, probably reflecting 
sufficient preservation of cerebral intracellular oxygenation and energy metabolism 
in the pre-ECMO period despite prolonged hypoxemia. The observed increases in 
CBV and CBFV may result from the following: (1) reactive hyperperfusion, (2) 
loss of autoregulation because of prolonged hypoxemia before ECMO and/or 
decreased arterial pulsatility, or (3) compensation for hemodilution related to the 
ECMO procedure. 
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Abstract 
The objective of this study was to compare the effect of extracorporeal membrane 
oxygenation (ECMO) on cerebral oxygenation and hemodynamics in normoxemic 
and hypoxemic piglets. Six hypoxemic and six normoxemic piglets were put on 
veno-arterial ECMO after cannulation of the right common carotid artery and 
external jugular vein with careful priming to avoid hemodilution. Changes in 
cerebral concentrations of oxyhemoglobin (c02Hb), deoxyhemoglobin (cHHb), 
(oxidized — reduced) cytochrome aa3 (cCyt.aa3), and blood volume (CBV) were 
continuously measured by near infrared spectrophotometry. Heart rate, arterial 0 2 
saturation (sa02), arterial blood pressure, pulsatility ratio of systemic circulation 
[calculated as (systolic — diastolic)/mean arterial blood pressure], central venous 
pressure, intracranial pressure, and left common carotid artery blood flow (LCaBF) 
were simultaneously measured. We found that the cannulation procedure resulted in 
increased CBV, cHHb, and LCaBF in both groups. At 60 and 120 min after starting 
ECMO, the values of c02Hb, CBV, and LCaBF in both groups were significantly 
higher than precannulation values, while the pulsatility ratio decreased. In the 
hypoxemic groups cHHb decreased and sa02 increased as well. No significant 
changes of other variables were found. Between hypoxemic and normoxemic groups 
no significant differences in the response of CBV and LCaBF at 60 and 120 min 
were found. We conclude that in piglets cannulation for ECMO resulted in cerebral 
venous congestion and compensated increase in LCaBF. After starting ECMO, the 
cerebral 0 2 supply increased due to increased arterial 0 2 content. It was 
accompanied by similar increase of CBV in both groups, probably as a result of 
hyperperfusion, which seems to be related to the ECMO procedure itself. 
Introduction 
Cerebrovascular injury is one of the important complications during extracorporeal 
membrane oxygenation (ECMO) in newborn infants (Stolar et al. 1991; Taylor et 
al. 1989). Because most of the intracranial abnormalities were detected during the 
first days of ECMO (Taylor et al. 1987), changes in cerebral circulation and 
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oxygenation during induction of ECMO might play a role in the pathogenesis of 
this complication. These changes might be related to the pre-ECMO condition or 
the ECMO procedure itself. Alteration in cerebral hemodynamics during ECMO 
has been described in animal models (Rosenberg & Kinsella, 1992; Short et al. 
1993; Smith et al. 1989; Stolar & Reyes, 1988). In a previous study using near 
infrared spectrophotometry (NIRS) we have shown that cerebral blood volume 
(CBV) increases in newborn infants after starting ECMO, and that this was most 
likely caused by an increase in cerebral blood flow (CBF) (Liem et al. 1995a). It is 
not clear whether this disturbance of cerebral hemodynamics is directly related the 
ECMO procedure itself or if it is a result of prolonged hypoxemia before ECMO. 
Therefore, in this study, the differences in cerebral oxygenation and hemodynamics 
changes during induction of ECMO between hypoxemic and normoxemic piglets 
were investigated. 
Materials and methods 
Animal preparation 
Twelve piglets (age 2 to 3 weeks, weight 7.6 to 8.5 kg) from a local farm were 
used for this study. The porcine model was used because of its close physiological 
resemblance to the human infant, easy availability, low cost, and suitability for 
ECMO experiments (Glauser, 1966; Purohit et al. 1993). Initially a mixture of 
droperidol and fentanyl (0.25 mg/kg and 0.005 mg/kg, respectively) was 
administered intramuscularly for sedation. After 30 min, anesthesia was induced by 
i.v. midazolam (1.5 mg/kg), atropine (0.25 mg), and fentanyl (0.2 mg/kg). 
Orotracheal intubation was subsequently performed and the piglets were put on the 
ventilator (Babylog 8000, Drager, Lübeck, Germany). Anesthesia was maintained 
using i.v. fentanyl (0.2 mg/kg· h), midazolam (0.4 mg/kg· h), and droperidol 
(0.1 mg/kg-h). The piglets were paralyzed with pancuronium (loading dose 
0.2 mg/kg, maintaining dose 0.15 mg/kg-h). The ventilator settings were adjusted 
to maintain normoxemia: arterial 0 2 saturation (sa02) > 95%, arterial partial 
pressure of oxygen (pa02) at 75 - 100 mm Hg (10 - 13.3 kPa), and arterial partial 
pressure of carbon dioxide (paC02) at 30 - 40 mm Hg (4 - 5.3 kPa). Rectal 
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temperature was maintained between 38 and 39°C using a servo-controlled heating 
mattress. Heart rate (HR) was monitored (HP 783 30A, Hewlett Packard, 
Boeblingen, Germany) using conductive adhesive electrodes on the chest wall. 
Catheters were inserted through the femoral artery and vein and the tips were 
positioned in the abdominal aorta for blood sampling and measurement of arterial 
blood pressure (HP 78206C, Hewlett Packard, Boeblingen, Germany), and in the 
inferior vena cava near the right atrium for fluid and medication administration and 
measurement of central venous pressure (CVP) (HP 78205C, Hewlett Packard, 
Boeblingen, Germany). Through the other femoral artery a fiberoptic oximeter 
catheter (Spectracath STP 7.5 Fr, Viggo Spectramed, Oxnard, CA, USA) was 
inserted, and the tip was advanced into the abdominal aorta for on-line continuous 
monitoring of sa02 (Hemopr02 SP1455, Viggo Spectramed, Oxnard, CA, USA). 
Mean blood flow in the left common carotid artery (LCaBF) was continuously 
recorded by an electromagnetic flowmeter (Scalar MDL 1401, Scalar Medical, 
Delft, The Netherlands) using a 2.5-mm diameter probe. After the neck incision, the 
cisterna magna were punctured with a hollow needle through the foramen magnum, 
and a catheter was placed through the needle for continuous monitoring of 
intracranial pressure (ICP) (HP 78205C, Hewlett Packard, Boeblingen, Germany). 
The needle was withdrawn after successful positioning of the catheter, as shown by 
a pulsatile signal on the monitor. 
Near Infrared Spectrophotometry 
The NIRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK) and produced by 
Radiometer (Copenhagen, Denmark) (Thomiley et al. 1990). This method is based 
on continuous spcctrophotometric measurement of oxygen-dependent changes in the 
absorption properties of hemoglobin and cytochrome aa3 in the near infrared region 
(Jöbsis, 1977). Our NIRS measurement procedure has been published earlier (Liem 
et al. 1994). Briefly, near infrared light at 3 wavelengths (904, 845, and 775 nm) 
was transmitted through the skull by fiberoptic bundles. The transmitting and 
receiving optodes were fixed to the skull as previously described (Liem et al. 
1992c). Each optode was positioned between the midline of the skull and the ear. 
Interoptode spacing was always greater than 2.5 cm, to ensure a constant pathlength 
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multiplying factor (Van der Zee et al. 1992), which has been stated to be 4.39 times 
the interoptode spacing (Wyatt et al. 1990b). Because the extent of light attenuation 
caused by scattering and oxygenation-independent absorption by tissue is unknown, 
but considered constant, only concentration changes in oxyhemoglobin (Ac02Hb), 
deoxyhemoglobin (AcHHb), and (oxidized — reduced) cytochrome aa3 (AcCyt.aa3) 
can be calculated from changes in absorption of near infrared light at these three 
wavelengths using the described algorithm (Thorniley et al. 1990; Wickramasinghe 
& Rolfe, 1993) and the obtained optical pathlength. Using a value of 1.05 g/mL for 
brain-specific mass these concentration changes are expressed in μπιοΙ/100 g. 
Therefore, during NIRS measurement only relative changes of these variables are 
obtained as a trend. Ac02Hb and AcHHb reflect changes in cerebral 0 2 supply, 
whereas AcCyt.aa3 reflects changes in cerebral 0 2 sufficiency (Jöbsis-Vandervliet, 
1991). Changes in concentration of total hemoglobin (ActHb) were calculated as the 
sum of Ac02Hb and AcHHb. Changes in cerebral blood volume (ACBV), expressed 
in mL/100 g, were calculated from the formula 
ACBV = 4 · ActHb 
0.69 · cHb 
where cHb is the arterial hemoglobin concentration in mmol/L, 0.69 is the 
cerebral-arterial hematocrit ratio (Lammertsma et al. 1984), and 4 is a correction 
factor, since ctHb is calculated from changes in light absorption using an extinction 
coefficient based on the tetraheme molecule, whereas cHb determination is based on 
the monoheme molecule. 
Experimental protocol 
After stabilization and before starting ECMO the piglets were randomized in 2 
groups: 
- Normoxemic group (n = 6). The ventilator setting was unchanged to maintain 
normoxemia for at least 2 h. 
- Hypoxemic group (и = 6). The fraction of inspired 0 2 concentration of the 
ventilator was lowered to 0.16-0.18 to maintain moderate hypoxemia for at 
least 2 h: ра02 35 - 40 mm Hg (4.7 - 5.3 kPa) and sa0 2 60 - 80%. A more 
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profound hypoxemia was avoided, because it would have resulted in a high 
mortality rate of the animal before ECMO can be started. 
Standard veno-arterial ECMO was performed after cannulation of the right common 
carotid artery and the external jugular vein using a 10 Fr and 12 Fr cannula, 
respectively. The tip of the arterial cannula was positioned just cranial to the 
junction of the right common carotid artery and the brachiocephalic trunk and that 
of the venous cannula in the right atrium. Priming of the ECMO system was carried 
out by using pigs donor blood in such a way that the hemoglobin level was similar 
to that of the animal. After starting ECMO, the flow rate was increased gradually 
over several minutes until further increment was impossible due to limited blood 
egress from the venous cannula. The range of the flow rate obtained was 65 - 100 
mL/kg-min. The fraction of inspired 0 2 concentration of the membrane oxygenator 
was adjusted to maintain ja0 2 > 95% andpa02 at 75 - 100 mm Hg(10 - 13.3 kPa). 
In hypoxemic groups the fraction of inspired 0 2 concentration of the ventilator was 
turned again to the prehypoxemic level. Acidosis was corrected when necessary and 
extra carbon dioxide was supplied to the membrane oxygenator to maintain /?aC02 
at 30 - 40 mm Hg (4 - 5.3 kPa). In some piglets administration of blood or colloid 
was necessary just after starting ECMO in order to maintain arterial blood pressure 
in the normal range. Systemic heparinization was performed to maintain an 
activated clotting time at 200 - 220 s. 
At the end of the experiment the piglets were each terminated by an overdose of 
pentobarbital. Autopsy was performed to verify the position of the cannulas, which 
were correctly positioned in all cases and the presence of cerebral hemorrhage. 
Physiological measurement 
The following variables were continuously recorded at a sampling frequency of 
1 Hz: HR, arterial blood pressure, CVP, sa02, ICP, LCaBF, Ac02Hb, AcHHb, 
AcCyt.aa3, and ACBV. In order to express the pulsatility of the systemic circulation 
analogous to the pulsatility index usually calculated in Doppler ultrasound 
investigations, the pulsatility ratio was calculated as (systolic - diastolic)/mean 
arterial blood pressure (Grossi et al. 1985). From the arterial blood pressure 
recording only the mean arterial blood pressure (MABP) was used for subsequent 
analysis. Recording was commenced after application of NIRS measurement system 
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and continued until 120 min after starting ECMO. Arterial blood samples for 
determination of pH, pa0 2, paC02, and cHb (Blood Gas Manager 1312 and 
Co-oximeter 482, Instrumentation Laboratory, Milan, Italy) were drawn before 
induction of hypoxemia, just before cannulation, and at 60 and 120 min after 
starting ECMO. 
Data analysis 
Before analysis, CVP and ICP data were filtered with a 0.3-Hz low pass filter to 
reduce signal noise caused by breathing movements. 
In the hypoxemic group the differences in the mean values over a 30-s period of 
each continuously recorded variable just before cannulation (A) and just before start 
of hypoxemia (E = reference point) were calculated in order to evaluate the effect 
of hypoxemia (Fig. 9.1). The results were analyzed using the paired t test. 
From each continuously recorded variable in both groups, data of a 30-s period 
were obtained from four episodes: (A = reference point) just before the start of the 
cannulation procedure, (B) after cannulation, just before starting ECMO, (C) at 
60 min after starting ECMO, and (D) at 120 min after starting ECMO (Fig. 9.1). 
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Fig. 9.1. Schematic representation of data selection from the continuous data registration and blood 
sampling (see text). H, hypoxemic group; N, normoxemic group. 
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The differences in the mean values over these 30-s periods between В and A, 
between С and A, and between D and A were calculated to determine the effect of 
cannulation and ECMO induction, respectively. First, the changes of all variables 
were analyzed using Hotelling's T2 test (multivariate paired / test) to protect the 
overall confidence level. Thereafter only the statistically significant variables were 
analyzed further with the paired t test. The presented ρ values in the results are 
those from the paired / test. Next to the base line values of the variables, the mean 
and SD of the changes within subjects are presented. 
To compare the changes between the two groups, first a repeated measures 
analysis (analysis of variance) was performed to protect the overall confidence 
level. Thereafter, only the statistically significant variables (the overall difference 
between the groups or the interaction between time and group or both being 
statistically significant) were further analyzed with two sample / tests. For all 
statistical analyses the level of significance was chosen at 0.05. 
Results 
After a 2-h duration of hypoxemia (mean Asa02 —21.3%, mean Ара02 
—62.2 mm Hg) there was a significant decrease in c02Hb with concomitant 
increase in cHHb, CBV, LCaBF, and ICP (Table 9.1). Surprisingly, an increase in 
cCyt.aa3 was observed. 
After cannulation increases in LCaBF, CBV, and cHHb only were detected in 
both groups (Table 9.2 and 9.3). 
After starting ECMO, LCaBF measurement in one hypoxemic piglet failed due 
to technical failure. In another hypoxemic piglet data on sa02 were not available 
due to calibration error. In the third hypoxemic piglet ICP at 120 min after starting 
ECMO was extremely increased and, from the autopsy, this animal turned out to be 
the one with extended arachnoidal hemorrhage. This ICP value was therefore 
discarded from the statistical analysis. Due to inaccurate 0 2 supply to the membrane 
oxygenator, the pa0 2 in one normoxemic piglet at 120 min was extremely high. 
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Table 9.1. Changes at 2 h after induction of hypoxemia as compared to 
normoxemic values (л = 6) 
c02Hb Oimol/100 g) 
cHHb (μπιοΙ/100 g) 
cCytaa3(/imol/100 g) 
CBV (ml /100 g) 
LCaBF (mL/min) 
MABP (mm Hg) 
CVP (mm Hg) 
HR (beats/min) 
ICP (mm Hg) 
j a 0 2 (%) 
рз02 (mm Hg) 
paCOj (mm Hg) 
pH 
cHb (mmol/L) 
Prehypoxemic 
values 
(E) 
not available 
not available 
not available 
not available 
58 2 (15 9) 
90 8 (12 0) 
5 0 (0 7) 
117 2 (24 8) 
14 6 (4 2) 
94 8 (4 0)t 
102 2 (13 0) 
37 4 (2 3) 
7 43 (0 03) 
6 6 (0 6) 
Changes after 
hypoxemia 
(A - E ) 
- 0 83 (0 29)* 
1 67 (0 31)* 
0 03 (0 01)* 
0 71 (0 26)* 
16 5 (11 6)* 
- 5 8 (8 3) 
0 9 (0 7)* 
215 (9 3)* 
4 0 (0 5)* 
-21 3 (5 l)*t 
-62 2 (14 1)* 
-0 6 (3 8) 
0 01 (0 02) 
0 2 (0 2) 
Values are mean (SD) 
* Significant changes (p < 0 05, paired / test) 
t n = 5 
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Table 9.2. Changes in normoxemic piglets (n = 6) after cannulation and at 60 and 120 min after starting ECMO : 
compared to the precannulation values. 
c02Hb 0»mol/100 g) 
cHHb (^mol/100 g) 
cCyt.aa3 (jimoVXOO g) 
CBV (mL/100 g) 
LCaBF (mL/min) 
MABP (mm Hg) 
Pulsatility ratio 
CVP (mm Hg) 
HR (beats/min) 
ICP (mm Hg) 
i a 0 2 (%) 
pa0 2 (mm Hg) 
paC0 2 (mm Hg) 
рн 
cHb (mmol/L) 
Absolute pre­
cannulation values 
(A) 
not available 
not available 
not available 
not available 
75.5 (13.8) 
98.5 (14.2) 
0.51 (0.09) 
6.9 (2.1) 
129.3 (23.0) 
13.3 (2.9) 
99.3 (0.1) 
104.8 (5.4) 
38.7 (2.8) 
7.42 (0.03) 
6.6 (0.6) 
Changes after 
cannulation 
(B - A ) 
-0.01 (0.10) 
0.18 (0.16)· 
0.01 (0.01) 
0.16 (0.12)* 
33.6 (8.9)* 
5.1 (5.4) 
-0.01 (0.06) 
0.2 (0.3) 
4.0 (9.4) 
2.3 (1.7) 
0.1 (0.2) 
-
-
-
-
Changes after starting ECMO 
at 60 min 
( С - A ) 
1.06 (0.40)· 
-0.09 (0.41) 
0.02 (0.03) 
0.87 (0.32)· 
50.9 (28.2)* 
9.1 (14.5) 
-0.15 (0.04)* 
1.3 (1.1) 
-9.2 (22.3) 
2.4 (3.3) 
0.0 (0.1) 
-2.8 (33.4) 
0.6 (4.7) 
0.03 (0.09) 
0.0 (0.5) 
at 120 min 
( D - A ) 
0.78 (0.43)* 
0.16 (0.31) 
0.03 (0.04) 
0.82 (0.44)· 
52.8 (18.5)· 
12.9 (4.8)* 
-0.20 (0.09)* 
1.0 (1.5) 
-6.7 (21.2) 
0.6 (3.2) 
0.0 (0.1) 
29.0(108.90) 
2.0 (6.8) 
0.01 (0.09) 
0.0 (0.5) 
Values are mean (SD). 
* Significant changes (p < 0.05, paired / test, performed only if Hotelling's T2 test is significant). 
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Table 9.3. Changes m hypoxemic piglets (n = 6) after cannulation and at 60 and 120 min after starting ECMO as 
compared to the precannulation values 
cO^b^mol/lOOg) 
cHHb (μπιοΙ/100 g) 
cCytaa3(/imol/100 g) 
CBV (mL/100 g) 
LCaBF (mL/min) 
МАВР (mm Hg) 
Pulsatility ratio 
CVP (mm Hg) 
HR (beats/min) 
ICP (mm Hg) 
j a 0 2 (%) 
pa02 (mm Hg) 
paC02 (mm Hg) 
pH 
cHb (mmol/L) 
Absolute pre­
cannulation values 
(A) 
not available 
not available 
not available 
not available 
74 7 (14 1) 
85 0 (8 4) 
0 62 (0 08) 
5 9 (0 9) 
138 7 (22 1) 
18 6 (4 4) 
73 5 (7 8)t 
40 0 (3 7) 
36 8 (2 5) 
7 44 (0 02) 
7 0 (0 6) 
Changes after 
cannulation 
( B - A ) 
- 0 08 (0 10) 
0 59 (0 53)· 
0 01 (0 02) 
0 42 (0 40)* 
29 7 (13 9)* 
- 1 4 (3 4) 
- 0 03 (0 07) 
- 0 3 (10) 
25 4 (25 0) 
0 9 (2 2) 
- 7 3 (7 5)t 
-
-
-
-
Changes after starting ECMO 
at 60 mm 
( C - A ) 
2 68 (0 86)* 
- 1 83 (0 58)* 
- 0 01 (0 03) 
0 68 (0 42)* 
49 8 (10 4)*t 
24 8 (9 6)* 
- 0 17(0 07)· 
02 (13) 
- 1 4 8 (188) 
- 1 7 (24) 
22 7 (6 2)t 
57 7 (27 8)· 
- 0 8 (2 7) 
0 01 (0 02) 
0 1 (0 4) 
at 120 mm 
( D - A ) 
2 66 (0 69)* 
-1 82 (0 51)· 
0 01 (0 07) 
0 67 (0 45)* 
50 1 (17 7)*t 
28 1 (9 2)* 
- 0 23 (0 11)· 
0 2 (17) 
- 1 9 9 (35 1) 
- 3 8 (3 3)t 
21 1 (6 5)t 
61 0 (8 9)· 
14 (2 9) 
0 01 (0 04) 
0 2 (0 4) 
Values are mean (SD) 
* Significant changes (p < 0 05, paired t test, performed only if Hotelling's Τ test is significant) 
t n = 5. 
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Fig. 9.2. Changes of c02Hb, cHHb, ja0 2, CBV, LCaBF, and pulsatility ratio after cannulation and at 60 
and 120 min after starting ECMO in normoxemic (open circle) and hypoxemic (closed circle) piglets. 
Mean ± SD values are shown. * Significant change, related to precannulation level; # significant 
difference between both groups. 
Immediately after starting ECMO significant changes of some variables were 
observed, which were finally stabilized after 60 min. By then the values of c02Hb, 
CBV, and LCaBF were significantly higher than the precannulation values 
(Table 9.2 and 9.3; Fig. 9.2). In the hypoxemic groups there was also a decrease in 
cHHb and an increase in MABP, sa02, and ра02. In both groups a significant 
decrease of the pulsatility ratio was found. No significant changes in the other 
variables were found. As shown in Table 9.2 and 9.3 and Fig. 9.2, these changes 
still persisted at 120 min after starting ECMO. However, at 120 min the value of 
the MABP increase in the normoxemic group and ICP decrease in the hypoxemic 
group reached statistical significance. 
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Comparing the normoxemic and the hypoxemic groups, statistically significant 
differences were found for Ac02Hb and AcHHb (at 60 and 120 min after starting 
ECMO), Asa02 (after cannulation and at 60 and 120 min after starting ECMO), 
ΔΜΑΒΡ (after cannulation and at 120 min after starting ECMO), and ICP (at 
120 min after starting ECMO). No significant differences were found in the 
response of CBV and LCaBF at 60 and 120 min. 
In one hypoxemic piglet a diffuse extended and in one normoxemic piglet a 
small localized arachnoidal hemorrhage was found during autopsy. 
Discussion 
As expected, the cerebral 0 2 supply was increased (increased c02Hb and decreased 
cHHb) in hypoxemic piglets after starting ECMO. However, no significant change 
of cCyt.aa3 was observed. Because previous hypoxemia did not result in significant 
reduction of cCyt.aa3, it can be expected that recovery to normoxemia will not 
influence cCyt.aa3 as well. However, the spread of the AcCyt.aa3 value was very 
large. Because the Cyt.aa3 signal is weak, it is very sensitive to major changes in 
the tissue, such as tissue edema, which seems to occur during nonpulsatile 
circulation (Edmunds, 1982). 
Concomitant with increased cerebral 0 2 supply a significant increase in CBV 
occurred, which may be caused by increased CBF or decreased venous outflow 
(Mchedlishvili, 1986). Decreased venous outflow is unlikely to occur, because 
during ECMO venous blood is continuously drained from the right atrium. 
Increased CBF is the most likely explanation, which is supported by the fact that 
the increase in c02Hb was more than the decrease in cHHb. A positive relationship 
between CBF and CBV has been described (Pryds et al. 1990b). The further 
increase in LCaBF after starting ECMO might also indicate increased CBF. 
However, the common carotid artery in pigs is not the only supplying artery of the 
brain, and moreover it supplies also the extracerebral circulation of the head (Daniel 
et al. 1953). Therefore, in piglets changes in LCaBF will not necessarily reflect 
changes in CBF (Rogers et al. 1981). So far these findings are similar to our 
previous observations in ECMO treated newborn infants (Liem et al. 1995a). In that 
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report the increased CBV was presumed to be a result of three possible 
mechanisms: (1) reactive hyperperfusion after restoration of normoxemia, (2) 
disturbed autoregulation due to prolonged hypoxemia before ECMO and/or 
decreased arterial pulsatility, or (3) compensation for hemodilution related to the 
ECMO procedure. 
In normoxemic piglets, although significantly less than in hypoxemic ones, an 
increase in cerebral 0 2 supply was observed after starting ECMO. The same 
increase in CBV as well as a further increase in LCaBF in the hypoxemic group 
was also observed. Therefore, the increased CBV and LCaBF after starting ECMO 
seems not to be related to the hypoxemic condition before ECMO. However, the 
hypoxemia in our piglets was not as severe and long as in the infants before they 
fulfill the ECMO entry criteria. Furthermore, in the infants the hypoxemia was 
frequently associated with perinatal asphyxia and metabolic changes due to severe 
therapeutic efforts. Therefore, reactive hyperperfusion due to restoration of 
normoxemia as well as disturbed autoregulation due to hypoxemia as possible 
causes of the increase in CBV cannot be completely excluded. Compensation for 
hemodilution can also be excluded, because cHb was unchanged in both groups due 
to careful priming of the ECMO circuit. 
It is likely that the ECMO-related increases in CBV and LCaBF are the result of 
hyperperfusion induced by the ECMO system itself. Interaction between 
extracorporeal circulation and organ systems has been investigated in many 
cardiopulmonary bypass studies, but comparison with ECMO is not very useful 
because, in contrast with ECMO, most of these studies were performed during 
hypothermia with pulseless circulation. However, during ECMO, reduced arterial 
pulsatility is induced due to the use of a roller pump. We found a similar decrease 
of the pulsatility ratio in both normoxemic and hypoxemic groups. There is some 
evidence that arterial pulsatility may participate in the regulation of vascular tone 
and microcirculation, but there are many conflicting data on its effect on cerebral 
circulation (Edmunds, 1982; Schell et al. 1993). During nonpulsatile flow in the 
canine brain, dilatation of venules and sludging of red cells in capillaries were 
observed (Matsumoto et al. 1971), which might be expected to result in increased 
CBV. Normothermic nonpulsatile cardiopulmonary bypass in cats resulted in 
increased CBF and dilatation of cortical arterioles, indicating a "luxury perfusion 
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syndrome" (Santillan et al. 1985). During normothermic nonpulsatile cardio-
pulmonary bypass in pigs, an increase in the ratio between CBF and cerebral 
glucose consumption was observed, which was also an indication of a "luxury 
perfusion syndrome", probably due to the disturbance of the regulation of cerebral 
vascular tone (Andersen et al. 1985). Although it has been shown to occur during 
ECMO in normoxemic newborn lambs (Short et al. 1993), impairment of 
autoregulation in our piglets is unlikely because, in contrast to the CBV and LCaBF 
changes, the MABP response was different between normoxemic and hypoxemic 
groups. Another possible etiological factor is the release of microemboli from the 
extracorporeal system. During cardiopulmonary bypass, a substantial number of 
embolic events occur (Clark et al. 1976; Mills, 1993). Microemboli might result in 
capillary occlusion and reactive hyperperfusion. On the other hand, hyperperfusion 
could be due to release of many endotoxin-related inflammatory mediators caused 
by exposition of blood to "foreign" materials (Hirthler et al. 1992; Utley, 1990), 
which is already initiated during priming of the extracorporeal circuit (Moat et al. 
1993). Finally, some chemical compounds may be excreted by the ECMO system 
(Shneider et al. 1989), which could alter the microcirculation. 
It is remarkable that, despite evidence of hyperperfusion, no significant ICP 
changes were found. A decrease of ICP after starting ECMO in normoxemic and 
hypoxemic newborn lambs has been reported (Stolar & Reyes, 1988). We have no 
explanation for this observation, but speculate that the regulation of cerebrospinal 
fluid circulation may be independent of that of cerebral blood circulation. 
For veno-arterial ECMO, ligation of the common carotid artery and the right 
internal jugular vein was necessary. There was concern about its potential hazard to 
the brain, but data from the literature are conflicting (Schumacher et al. 1988; 
Taylor et al. 1989). Doppler ultrasound studies in newborn infants have shown that 
perfusion of the right cerebral hemisphere was maintained after ligation of the right 
common carotid artery (Matsumoto et al. 1990; Taylor et al. 1988). The unchanged 
c02Hb after cannulation in our piglets might indicate unchanged cerebral 0 2 
supply. However, evidence of alterations in cerebral venous drainage after jugular 
ligation were found (Taylor & Walker, 1992). In newborn lambs with the carotid 
artery and jugular vein ligated recovery to normoxemia after prolonged hypoxemia 
resulted in cerebellar hyperperfusion and disrupted autoregulation (Short et al. 
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1994a; Short et al. 1994b). In our piglet model, CBV was increased after the 
cannulation procedure. We did not analyze the influences of carotid and jugular 
ligation separately, but because cHHb increased in both groups, increased CBV was 
presumably the result of cerebral venous congestion due to jugular ligation, which 
is in accordance with reports from the literature (Short et al. 1994a; Taylor & 
Walker, 1992). However, in our previous NIRS study, during ECMO cannulation in 
newborn infants no change in CBV was observed (Liem et al. 1995a). We have no 
clear explanation for the difference in CBV response after cannulation between 
newborn infants and piglets, but it might be due to differences in the ventilation 
pressure. Since the piglet lungs were normal, they were ventilated with lower 
positive pressure than in the infants. Higher ventilation pressure might impede 
cerebral venous return, resulting in increased CBV (Milligan, 1981), which might 
abolish the effect of cannulation. Species differences in the cerebral venous system 
might also play a role. 
The consequence of these hemodynamic changes during induction of ECMO is 
unknown. However, it can be speculated that cerebral hyperperfusion as well as 
venous congestion in combination with vulnerable capillary endothelium due to 
prolonged hypoxemia may easily result in capillary rupture. Venous congestion may 
result in decreased regional CBF, resulting in parenchymal infarction (Taylor & 
Walker, 1992). In combination with heparinization and thrombocyte depletion 
during ECMO both conditions may result in development of cerebral hemorrhage or 
hemorrhagic infarction, an important complication during ECMO (Stolar et al. 
1991; Taylor et al. 1989). In one of the hypoxemic piglets an extended arachnoidal 
hemorrhage occurred within 2 h after induction of ECMO. However, further 
investigations on the relationship between cerebral vascular injury and perturbation 
of cerebral hemodynamics during ECMO is necessary to judge the clinical 
importance of this hyperperfusion during ECMO. 
Normally, after induction of hypoxemia contraregulatory mechanism like 
increase in CBF or increase in cerebral 0 2 extraction can be expected to occur. An 
increase in LCaBF was observed, but as it has been discussed earlier, in piglets it 
does not necessarily reflect increased CBF (Rogers et al. 1981). Theoretically the 
observed CBV increase may be caused by increased arterial inflow (= CBF) or 
decreased venous outflow (Mchedlishvili, 1986). Physiologically, increased CBF is 
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more likely than decreased venous outflow. However, c02Hb decreased, but there 
was a larger increase in cHHb, which might be the result of increased cerebral 0 2 
extraction as a compensation for decreased cerebral 0 2 supply, probably due to 
insufficient increase in CBF to fully compensate the loss in arterial 0 2 content. If 
this contraregulatory mechanisms are effective, adequate cerebral 0 2 sufficiency can 
be maintained, but an increase in cCyt.aa3 was observed. Since the algorithm for 
calculating AcCyt.aa3 is derived from experiments on rat brains after exchange 
transfusion with fluorocarbon, the results of cCyt.aa3 should be interpreted with 
caution (Pryds et al. 1990b). However, using NIRS in the same animal model it has 
been shown, that moderate hypoxemia resulted in some exposures and inconsistently 
in increased cCyt.aa3 (Tsuji et al. 1995). Decrease in cCyt.aa3 was only observed 
after severe hypoxemia when the fraction of inspired 0 2 concentration was lower 
than 6%, which was also accompanied by cerebral energy loss as assessed 
simultaneously by nucleair magnetic resonance (Tsuji et al. 1995). In neonatal 
piglets this enzyme seems to react differently to hypoxemia than it does in adult 
animals (Jöbsis-Vandervliet, 1991). In hypoxemic condition the enzyme will change 
toward much higher affinity for its substrate, which might result in increased 
cCyt.aa3. Apparently, this ability still seems to be present in this 2-to-3-week-old 
piglets. Therefore, the response of cCyt.aa3 during moderate hypoxemia in our 
piglets seems to be reliable. 
In conclusion, the cerebral hemodynamic changes after induction of ECMO is 
not different in pre-ECMO induced normoxemic and hypoxemic piglets. To answer 
the question whether cerebral hemodynamics during ECMO are influenced by 
severe hypoxemia, another animal study is needed, in which more profound 
hypoxemia and circulatory changes before ECMO are induced. 
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Abstract 
Objective. To investigate the cerebrovascular response to changes in arterial partial 
pressure of carbon dioxide during extracorporeal membrane oxygenation (ECMO) 
in normoxemic and hypoxemic piglets. 
Methods. Four groups of six anesthetized, paralyzed, and mechanically ventilated 
piglets: group 1 - normoxemia without ECMO, group 2 - ECMO after normoxemia, 
group 3 - hypoxemia without ECMO, and group 4 - ECMO after hypoxemia, were 
exposed successively to hypercapnia and hypocapnia. Changes in cerebral 
concentrations of oxyhemoglobin (c02Hb), deoxyhemoglobin (cHHb), 
(oxidized — reduced) cytochrome aa3 (cCyt.aa3), and blood volume (CBV) were 
continuously measured using near infrared spectrophotometry. Heart rate, arterial 0 2 
saturation, arterial blood pressure, central venous pressure, intracranial pressure 
(ICP), and left common carotid artery blood flow (LCaBF) were measured 
simultaneously. 
Results. Hypercapnia resulted in increased CBV, c02Hb, and ICP in all groups, 
while cIIHb was decreased. No changes in LCaBF were found. Hypocapnia resulted 
in decreased c02Hb and increased cHHb except in group 3. LCaBF decreased in all 
groups except group 2. CBV decreased only in groups 2 and 4. No effect on ICP 
was observed in any of the groups. The other variables showed no important 
changes either during hypercapnia or hypocapnia. ECMO after hypoxemia resulted 
in a greater response of c02Hb and cHHb during hypocapnia. The effect of 
hypercapnia on CBV while on ECMO was greater than without ECMO. 
Conclusion. Since cerebrovascular reactivity to carbon dioxide remains intact during 
ECMO in piglets, it is important to keep arterial partial pressure of carbon dioxide 
stable and in normal range during clinical ECMO. 
Introduction 
Significant changes in cerebral hemodynamics occur during veno-arterial 
extracorporeal membrane oxygenation (ECMO) and these are considered to be 
evidence of impaired autoregulation (Liem et al. 1995a; Short et al. 1993; Short et 
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al. 1994b; Stolar & Reyes, 1988; Van de Bor et al. 1990). It is suggested that 
prolonged severe hypoxemia before ECMO, the ECMO procedure itself or both 
might disrupt autoregulation. It is not known whether ECMO disturbs other cerebral 
circulation regulatory systems such as carbon dioxide related cerebrovascular 
reactivity. This is an important issue, since ECMO patients may have suffered 
extended hypercapnia due to respiratory distress, or hypocapnia resulting from 
hyperventilation as a treatment for persistent pulmonary hypertension. After starting 
ECMO arterial partial pressure of carbon dioxide (paC02) usually returns quickly to 
normal. It has been shown that near infrared spectrophotometry (NIRS) is a suitable 
tool for the evaluation of cerebrovascular reactivity to carbon dioxide in newborns 
(Wyatt et al. 1991). We used this method to investigate carbon dioxide related 
cerebrovascular reactivity during ECMO in normoxemic and hypoxemic piglets, 
because it is unethical to induce major pnC02 changes in severely ill newborns. The 
porcine model was chosen because of its close physiological resemblance to the 
human infant, its easy availability, low cost, and suitability for ECMO experiments 
(Glauser, 1966; Purohit et al. 1993). 
Materials and methods 
Animal preparation 
Twenty four piglets (age 2 to 3 weeks, weight 7.6 to 9.5 kg) from a local farm 
were used for this study. Before surgical preparation the animals were sedated by 
i.m. injection of droperidol and fentanyl (0.25 mg/kg and 0.005 mg/kg 
respectively). After 30 min, anesthesia was induced by i.v. midazolam (1.5 mg/kg), 
atropine (0.25 mg) and fentanyl (0.2 mg/kg) through an ear vein. Orotracheal 
intubation was subsequently performed and the piglets were mechanically ventilated 
(Babylog 8000, Dräger, Lübeck, Germany). Anesthesia was maintained using i.v. 
fentanyl (0.2 mg/kg·h), midazolam (0.4 mg/kg·h), and droperidol (0.1 mg/kg·h). 
The piglets were paralyzed using pancuronium (loading dose 0.2 mg/kg, 
maintaining dose 0.15 mg/kg· h). The ventilator settings were adjusted to maintain 
normoxemia: arterial 0 2 saturation (sa02) > 95% and arterial partial pressure of 
oxygen (pa02) at 10-13.3 kPa (75 - 100 mm Hg), and normocapnia: paC02 at 
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4 - 5.3 kPa (30 - 40 mm Hg). Rectal temperature was maintained between 38 and 
39°C using a servo-controlled heating mattress. Heart rate (HR) was monitored (HP 
78330A, Hewlett Packard, Boeblingen, Germany) using conductive adhesive 
electrodes on the chest wall. End-tidal partial pressure of carbon dioxide (ETC02) 
was continuously monitored using a capnograph (N 1000, Nellcor Inc., Hay ward, 
CA, USA). 
Catheters were inserted through the femoral artery and vein and the tips 
positioned in the abdominal aorta for blood sampling and for measurement of mean 
arterial blood pressure (MABP) (HP 78206C, Hewlett Packard, Boeblingen, 
Germany), and in the inferior vena cava near the right atrium for fluid and 
medication administration and measurement of central venous pressure (CVP) (HP 
78205C, Hewlett Packard, Boeblingen, Germany). A fiberoptic oximeter catheter 
(Spectracath STP 7.5 Fr, Viggo Spectramed, Oxnard, CA, USA) was inserted 
through the other femoral artery and the tip advanced into the abdominal aorta for 
on-line continuous monitoring of ja02 (Hemopr02 SP 1455, Viggo Spectramed, 
Oxnard, CA, USA). Mean blood flow in the left common carotid artery (LCaBF) 
was continuously recorded using an electromagnetic flowmeter (Scalar MDL 1401, 
Scalar Medical, Delft, The Netherlands) with a 2.5-mm diameter probe. Changes in 
common carotid blood flow are assumed to reflect changes in cerebral blood flow 
(CBF) (Van Bel et al. 1994). Intracranial pressure (ICP) was continuously 
monitored (HP 78205C, Hewlett Packard, Boeblingen, Germany) using a catheter in 
the cisterna magna. The catheter was placed through a needle inserted through the 
foramen magnum after neck incision. The needle was withdrawn after successful 
positioning of the catheter, as shown by a pulsatile signal on the monitor. 
Near infrared Spectrophotometry 
The NIRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK) and produced by 
Radiometer (Copenhagen, Denmark) (Thorniley et al. 1990). The method is based 
on continuous spectrophotometric measurement of oxygenation-dependent changes 
in the absorption properties of hemoglobin and cytochrome aa3 in the near infrared 
region (Jöbsis, 1977). Our NIRS measurement procedure has been published earlier 
(Liem et al. 1994). Briefly, near infrared light at three wavelengths (904, 845, and 
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775 nm) was transmitted through the skull by fiberoptic bundles. The transmitting 
and receiving optodes were fixed to the skull as previously described (Liem et al. 
1992c). Each optode was positioned between the midline of the skull and the ear. 
Interoptode spacing was always over 2.5 cm, to ensure a constant pathlength 
multiplying factor (Van der Zee et al. 1992), which has been stated to be 4.39 times 
the interoptode spacing (Wyatt et al. 1990b). Using the obtained optical pathlength, 
a value of 1.05 g/mL for brain-specific mass and the described algorithm (Thorniley 
et al. 1990; Wickramasinghe & Rolfe, 1993) concentration changes of 
oxyhemoglobin (Ac02Hb), deoxyhemoglobin (AcHHb), and (oxidized — reduced) 
cytochrome aa3 (AcCyt.aa3) were calculated from changes in the absorption of near 
infrared light at these three wavelengths and expressed in μπιο1/100 g. Ac02Hb and 
AcHHb reflect changes in cerebral 0 2 supply, whereas AcCyt.aa3 reflects changes in 
cerebral 0 2 sufficiency (Jöbsis-Vandervliet, 1991). Changes in concentration of total 
hemoglobin (ActHb) were calculated as the sum of Ac02Hb and AcHHb. Changes 
in cerebral blood volume (ACBV), expressed in mL/100 g, were calculated from the 
formula 
ACBV - 4 · ActHb 
0.69 · cHb 
where cHb is the arterial hemoglobin concentration in mmol/L, 0.69 is the 
cerebral-arterial hematocrit ratio (Lammertsma et al. 1984), and 4 is a correction 
factor, since ctHb is calculated from changes in light absorption using an extinction 
coefficient based on the tetraheme molecule, while cHb determination is based on 
the monoheme molecule. 
Experimental protocol 
After stabilization the piglets were randomized into 4 groups: 
- Group 1 (n = 6). The ventilator setting was unchanged to maintain normoxemia 
for at least 2 h (control group). 
- Group 2 (n = 6). After normoxemia for at least 2 h the animals were put on 
veno-arterial ECMO for at least 2 h. 
- Group 3 {n = 6). The piglets were made hypoxemic by repeated lung lavage as 
previously described (Lachmann et al. 1980). After disconnection from the 
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ventilator, isotonic saline (35 mL/kg) warmed to 37°C was infused rapidly 
through the tracheal tube and followed by immediate aspiration. The lavage was 
immediately repeated. After an interval of 5 min the procedure was again 
repeated. After 60 min another similar series of 4 lavages was performed. 
Additional lavages were carried out when necessary to achieve moderate 
hypoxemia: рЮ2 4.7 - 5.3 kPa (35 - 40 mm Hg) and ja0 2 60 - 80% for at least 
2h. 
- Group 4 (и = 6). The piglets were made hypoxemic by lowering the fraction of 
inspired 0 2 concentration of the ventilator to 0.16-0.18 to maintain moderate 
hypoxemia: />a02 4.7 - 5.3 kPa (35 - 40 mm Hg) and ia0 2 60 - 80% for at least 
2 h after which the animals were put on veno-arterial ECMO for at least 2 h. 
This procedure was chosen because it was shown to be impossible to keep the 
animal alive after a series of lung lavages followed by ECMO because of the 
occurrence of massive pulmonary hemorrhage. 
For groups 2 and 4 standard veno-arterial ECMO was performed after cannulation 
of the right common carotid artery and the external jugular vein using a 10 Fr and 
12 Fr cannula respectively. The tip of the arterial cannula was positioned just 
cranial to the junction of the right common carotid artery and the brachiocephalic 
trunk, and that of the venous cannula in the right atrium. After starting ECMO, the 
ECMO flow rate was increased gradually over several minutes until further increase 
was impossible due to limited blood egress from the venous cannula. The range of 
flow rate obtained was 65- 100 mL/kg·min. The fraction of inspired 0 2 
concentration of the membrane oxygenator was adjusted to maintain sa02 > 95% 
and />a02 at 10-13.3 kPa (75 - 100 mm Hg). Acidosis was corrected when 
necessary and extra carbon dioxide was added to the membrane oxygenator to 
maintain paC0 2 at 4 - 5.3 kPa (30 - 40 mm Hg). Blood or colloid was administered 
to maintain normal MABP when necessary. Systemic heparinization was performed 
to maintain an activated clotting time of 200 - 220 s. 
In each group hypercapnia was induced by administration of 5% carbon dioxide 
in the inspiratory inlet of the ventilator. In groups 2 and 4 carbon dioxide supply in 
the membrane oxygenator was also increased. A steady state was assumed to exist, 
when ETC02 stabilized at a higher level. Administration of extra carbon dioxide 
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was discontinued after blood sampling and the animals were allowed to return to 
normocapnia. After stable normocapnia was achieved, confirmed by ETC02 and 
blood gas analysis, hypocapnia was induced by increasing the tidal volume of the 
ventilator, and interrupting carbon dioxide delivery to the membrane oxygenator in 
groups 2 and 4. Blood gas analysis was performed after stabilization of ETC02. 
Ventilator settings and the carbon dioxide administration to the membrane 
oxygenator were returned to the prehypocapnic level. At the end of the experiment 
the piglets were terminated by an overdose of pentobarbital. 
Physiological measurement 
The following variables were continuously recorded during the whole experiment at 
a sampling frequency of 1 Hz: HR, МАВР, CVP, ja0 2, ICP, LCaBF, Ac02Hb, 
AcHHb, AcCyt.aa3, and ДСВ . The pH, ^a0 2 , раС02, and cHb were determined 
from arterial blood samples (Blood Gas Manager 1312 and Co-oximeter 482, 
Instrumentation Laboratory, Milan, Italy). 
Data analysis 
CVP and ICP data were filtered before analysis using a 0.3-Hz low pass filter to 
reduce signal noise caused by breathing movements. 
The mean of each continuously recorded variable was calculated during four 
30-s interval: (A) during normocapnia, just before the start of hypercapnia, (B) 
during hypercapnia, when a steady state was reached, (C) during normocapnia, just 
before the start of hypocapnia, and (D) during hypocapnia, when a steady state was 
reached. The differences in the mean values between В and A, and between D and 
С were calculated to evaluate the effect of hypercapnia and hypocapnia respectively. 
The differences between С and A were also calculated in order to compare the basic 
level of the variables measured. To compare the results between groups, the changes 
in all variables were normalized to changes per kPa change in />aC02. The changes 
in all variables after hypercapnia and hypocapnia within each group were analyzed 
using the paired t test. To compare the changes between the groups, two way 
analysis of variance (ANOVA) was performed, taking into account the influence of 
hypoxemia, ECMO, and their interaction. For all statistical analysis the level of 
significance was chosen as 0.05. 
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Results 
After starting ECMO, LCaBF measurement in one hypoxemic piglet failed because 
of technical problems. 
The basic levels of most variables before induction of hypocapnia (C) were not 
statistically different from those before induction of hypercapnia (A), with the 
exception of lower mean value of c02Hb (-0.22, SD 0.20 μπιοΙ/100 g), CBV 
(-0.13, SD 0.10 mL/100 g), and МАВР (-7.4, SD 4.4 mm Hg) in group 1, lower 
mean value of HR (—7.5, SD 5.2 beats/min) in group 2, lower mean value of cHHb 
(-0.23, SD 0.22 /unol/100 g) in group 3, and higher mean value of раО
г
 (+1.8, 
SD 1.2 kPa) in group 4. 
A significant increase in the mean value of ра.С02 occurred in all groups during 
hypercapnia (Table 10.1). Hypercapnia resulted in a significant increase in c02Hb, 
CBV, and ICP in all groups. cHHb decreased significantly in all groups except 
group 4. The increase in c02Hb was larger than the decrease in cHHb. No 
significant changes in cCyt.aa3 and LCaBF were observed except in group 3, which 
showed an increase in LCaBF. These changes are shown in Table 10.1 and 
Fig. 10.1. Generally, the other variables were unaltered during hypercapnia, 
although some small but significant changes were seen for: MABP in group 1 
(-6.3, SD 3.0 mm Hg/kPa) and group 4 (-2.8, SD 1.1 mm Hg/kPa), CVP in 
group 2 (+0.1, SD 0.1 mm Hg/kPa), and^a0 2 in group 3 (+0.4, SD 0.1 kPa/kPa). 
A significant decrease in mean pa.C02 in all groups was occurred during 
hypocapnia (Table 10.2). Hypocapnia resulted in a significant decrease in c02Hb 
and an increase in cHHb except in group 3. The decrease in c02Hb was larger than 
the increase in cHHb. Significant decrease in CBV was observed only in groups 2 
and 4. No significant changes in cCyt.aa3 were observed. LCaBF was significantly 
decreased in all groups except group 2. None of the groups showed significant 
changes in ICP. These changes are shown in Table 10.2 and Fig. 10.1. Generally, 
the other variables were unchanged during hypocapnia, although some small but 
significant changes were seen for: HR in group 1 (+10.8, SD 3.7 beats/min-kPa) 
and group 4 (+15.6, SD 13.3 beats/min·kPa), and pa02 in group 1 (+1.5, SD 0.9 
kPa/kPa), group 2 (+1.8, SD 1.1 kPa/kPa), and group 3 (-0.6, SD 0.4 kPa/kPa). 
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Table 10.1. Changes caused by hypercapnia as compared with nomwcapnic initial values. 
Group 1 Group 2 Group 3 Group 4 
Дс02НЬ (цтоІЛОО g- kPa) 0.10(0.06)* 0.14(0.08)· 0.11(0.05)· 0.16(0.10)· 
ДсННЬОітоІ/lOOg.kPa) -0.05(0.04)* -0.06(0.04)* -0.07(0.03)· -0.05(0.06) 
ДСВ (mL/100 g. kPa) 0.05(0.03)* 0.08(0.07)* 0.03(0.03)* 0.10(0.07)* 
ALCaBF(mL/min.kPa) 0.5 (2.0) 1.1 (3.3) 3.6 (2.9)* 3.1 (7.7)t 
ДІСР (mm Hg/kPa) 1.9 (1.3)* 1.2 (0.5)* 1.9 (0.8)* 1.2 (0.9)* 
ДраС02(кРа) 2.5 (0.4)· 4.2 (0.9)* 2.7 (0.6)* 3.3 (0.7)* 
Group 1: normoxemia, group 2: ECMO after normoxemia, group 3: hypoxemia, group 4: ECMO after hypoxemia. 
Values are mean (SD). 
* Significant changes (paired / test, ρ < 0.05). 
t л = 5. 
Table 10.2. Changes caused by hypocapnia as compared with normocapnic initial values. 
Group 1 Group 2 Group 3 Group 4 
Дс02НЬ (/imol/100 g. kPa) -0.20(0.11)* -0.21(0.10)* -0.20(0.21) -0.55(0.16)* 
ДсННЬ (/zmol/100 g- kPa) 0.12(0.06)* 0.10(0.08)* 0.12(0.14) 0.39(0.06)* 
ДСВ (mL/100 g-kPa) -0.06(0.07) -0.10(0.06)* -0.07(0.08) -0.14(0.12)· 
ALCaBF(mL/min.kPa) -6.0 (4.2)* -7.9(12.4) -11.2 (8.4)* -13.8 (7.6)*t 
ДІСР (mm Hg/kPa) -0.6 (1.1) 0.1 (1.0) -0.6 (1.5) 0.0 (0.5) 
ДраС02(кРа) -2.2 (0.4)· -1.8 (0.4)· -2.0 (1.0)* -2.1 (0.4)* 
Group 1: normoxemia, group 2: ECMO after normoxemia, group 3: hypoxemia, group 4: ECMO after hypoxemia. 
Values are mean (SD). 
* Significant changes (paired t test, ρ < 0.05). 
tn = 5. 
138 Chapter ¡О 
0.8 
ja i 0.4 
Χ » 
£ 8 0.0 
< 1 -0.4 
-O.B 
0.8 
? 
_ È 0.4 
Χ -
χ 8 со 
-0.8 
• 
1 
* 
φ 
* 
1 
φ 
* 
2 
* 
• 
Э 
Group 
* 
• 
* 
2 
• 
* 
3 
Group 
* 
} 
* 
4 
• 
# 
4 
> 
m 
l i. 
m 
α 
ϋ 
_ι 
< 
0.4 
t 02 
ж 
Ι о·
0 
9 -0.2 
-0.4 
30 
? 15 
о. 
ж 
i ° 
ε -15 
-30 
* 
1 
' 5 
* 
1 
* 
* 
* 
2 
* 
э 
Group 
! 
2 
* 
* 
Э 
Group 
* 
* 
4 
\ 
* 
4 
Fig. 10.1. Changes in c02Hb, cHHb, CBV, and LCaBF after hypercapnia (closed circle) and after 
hypocapnia (open circle) in group 1 (normoxemia), group 2 (ECMO after normoxemia), group 3 
(hypoxemia), and group 4 (ECMO after hypoxemia). * Significant changes (p < 0.05). 
Two way analysis of variance showed that ECMO after hypoxemia resulted in a 
greater response of c02Hb and cHHb during hypocapnia than in other groups. 
During ECMO the effect of hypercapnia on CBV was greater than without ECMO. 
No differences between groups were found regarding the other variables. 
Discussion 
From these results it can be concluded that in this piglet model veno-arterial ECMO 
did not affect cerebrovascular reactivity to carbon dioxide. Cerebral 0 2 supply and 
CBV increased during hypercapnia. Changes in the opposite direction were 
observed during hypocapnia. ECMO did not have an obvious effect on the 
cerebrovascular reactivity to carbon dioxide, with the exception of a larger 
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reduction in cerebral 0 2 supply during hypocapnia in the hypoxemic piglets and 
greater CBV during hypercapnia. However, in view of the magnitude of the 
differences (Table 10.1 and 10.2), this effect is physiologically irrelevant. These 
results are in accordance with a previous report which showed unaffected 
cerebrovascular reactivity to carbon dioxide during ECMO in normoxemic lambs 
(Walker et al. 1994). However, data on cerebrovascular reactivity to carbon dioxide 
in newborn infants during ECMO have not yet been reported. During 
cardiopulmonary bypass, a similar form of extracorporeal circulation, carbon 
dioxide reactivity is also preserved, even during hypothermia (Fallon et al. 1994; 
Kawaguchi et al. 1993; Lundar et al. 1986). Therefore, the ECMO procedure with 
ligation of the right common carotid artery and jugular vein and reduction of 
arterial pulsatility seems not to affect cerebrovascular reactivity to carbon dioxide, 
despite some evidence of disturbed autoregulation during ECMO (Liem et al. 
1995a; Short et al. 1993; Short et al. 1994b; Stolar & Reyes, 1988; Van de Bor et 
al. 1990). This is in accordance with the current opinion that the cerebrovascular 
reactivity to carbon dioxide is more robust than the pressure autoregulation (Pryds, 
1991). 
The carbon dioxide related changes of CBV in these piglets were smaller than 
those reported in full-term newborn infants by Wyatt et al (1991). However, as far 
as we know, normal values of these changes in piglets have not previously been 
reported. The discrepancy could be the result of species difference. However, 
topographical differences in the application of the NIRS optodes might play a role. 
The position of the optodes in our piglets will result in transmission of near infrared 
light mainly through the cortical and subcortical regions of the brain, while the 
position of those on both sides of the parietal region as used by Wyatt et al (1991) 
will result in light transmission through the deeper cerebral structures. There is 
topographical heterogeneity in cerebrovascular reactivity to carbon dioxide showing 
that reactivity is greatest in the brainstem and least in subcortical white matter 
(Cavazzuti & Duffy, 1982; Hansen et al. 1984). CBV increase during hypercapnia 
similar to that in our piglets was found in children during cardiopulmonary bypass 
with optodes applied to the frontoparietal region (Fallon et al. 1994), probably 
resulting in light transmission mainly through cortical and subcortical regions. The 
anesthetic agents used might also affect cerebral circulation (Steen, 1982). It has 
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been shown that the combination of fentanyl and droperidol in dogs induces 
cerebral vasoconstriction, resulting in attenuation of the cerebrovascular reactivity to 
carbon dioxide (Michenfelder & Theye, 1971). Similar results were also found in 
humans after midazolam anesthesia (Strebel et al. 1994). However, data on the use 
of fentanyl and droperidol in other species are conflicting. Droperidol in human 
adults and fentanyl in newborn lambs did not influence CBF (Barker et al. 1968; 
Yaster et al. 1987), and cerebrovascular reactivity to carbon dioxide was not altered 
after fentanyl anesthesia in dogs (McPherson & Traystman, 1984). The effects of 
these anesthetic agents on the cerebral circulation in piglets are unknown. 
It is remarkable that there is no apparent relationship between carbon dioxide 
related CBV and LCaBF changes. The CBV changes were accompanied by larger 
changes of c02Hb than of cHHb, which indicates greater changes of blood volume 
in the arterial than in the venous compartment, probably caused by changes in 
arterial inflow (Mchedlishvili, 1986). A close linear relationship between carotid 
blood flow and CBF has been shown in normocapnic fetal sheep (Van Bel et al. 
1994). However, there is an obvious difference in the cerebral arterial system 
anatomy between pigs and sheep (Baldwin & Bell, 1963; Daniel et al. 1953). Both 
species have a well developed circle of Willis, but the internal carotid artery is 
absent. The circle of Willis is supplied by the carotid rete and the vertebral artery. 
The vertebral artery in sheep is underdeveloped and the cerebral blood supply is 
mainly derived from the carotid rete, which is supplied by the branches of the 
external carotid artery. Therefore, carotid blood flow in sheep will closely reflect 
CBF. In pigs however, the vertebral artery is larger and contributes substantially 
more to the CBF than in sheep. Additionally the carotid rete is supplied by a branch 
of the common carotid artery and there is no anastomosis with the external carotid 
artery (Daniel et al. 1953). Therefore, blood flow in the common carotid artery may 
not necessarily reflect CBF, which may explain the lack of LCaBF responses. On 
the other hand the increase of ICP during hypercapnia seemed to correlate well with 
the increase in CBV. However, during hypocapnia ICP was unchanged despite CBV 
decrease in some groups. It has been shown that during hypocapnia cerebrospinal 
fluid volume initially increased when CBV decreased, maintaining ICP at the same 
level (Artru, 1987). 
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As shown by c02Hb and cHHb changes, hypercapnia resulted in an increase in 
cerebral 0 2 supply, while hypocapnia reduced cerebral 0 2 supply. Nevertheless, in 
both situations no significant changes in cCyt.aa3 were found, indicating unchanged 
cerebral 0 2 sufficiency. The changes in c02Hb and cHHb were probably too small 
to influence the redox state of cytochrome aa3. However, the duration of 
hypercapnia or hypocapnia in our piglets was relatively short. It is not known 
whether protracted hypercapnia or hypocapnia will ultimately affect intracellular 
oxygenation. On the other hand, there is some doubt about the reliability of the 
cytochrome aa3 signal (Pryds et al. 1990b). 
These findings may be of significant value for clinical management during 
ECMO. Since cerebrovascular reactivity to carbon dioxide remains intact, it is of 
clinical importance to keep paC02 stable and in normal range during clinical 
ECMO, in order to avoid fluctuations of cerebral hemodynamics, which are 
considered to be an important cause of cerebrovascular injury during ECMO 
(Taylor et al. 1989; Stolar et al. 1991). Major paC02 fluctuations can be expected, 
particularly during the start of ECMO. Therefore, the pC02 of the priming solution 
should be matched to the paC02 of the patient. However, some caution has to be 
exercised in extrapolation of this data to the clinical situation. ECMO patients are 
often asphyxiated and usually more severely hypoxemic for a longer period than in 
our piglet model. Attenuation of cerebrovascular reactivity to carbon dioxide has 
been described after severe asphyxia (Leffler et al. 1989; Pryds et al. 1990a). It is 
possible that hypoxemia in these piglets was not severe enough to disturb the 
cerebrovascular reactivity to carbon dioxide. Further clinical investigations are 
needed to clarify this issue. 
In conclusion, during veno-arterial ECMO, cerebrovascular reactivity to carbon 
dioxide is apparently still present and therefore paC02 should be kept stable and in 
the normal range. 
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Abstract 
The objective of this study was to investigate changes of cerebral oxygenation and 
hemodynamics related to opening of the bypass bridge during veno-arterial 
extracorporeal membrane oxygenation (ECMO). Ten newborn infants and twelve 
piglets were studied during opening of the bridge for 10 and 1 s, respectively. 
Changes in cerebral concentration of oxyhemoglobin (c02Hb), deoxyhemoglobin 
(cHHb), (oxidized — reduced) cytochrome aa3 (cCyt.aa3), and blood volume (CBV) 
were continuously measured by near infrared spectrophotometry. Heart rate, arterial 
0 2 saturation (ia02), and mean arterial blood pressure (MABP) were measured 
simultaneously. In the piglets, central venous pressure (CVP), intracranial pressure 
(ICP) and left common carotid artery blood flow (LCaBF) were also measured. 
Opening of the bridge for 10 s in the infants resulted in a significant decrease in 
MABP, ia02 , and c02Hb, whereas cHHb increased. CBV did not change 
significantly. In piglets biphasic changes were observed for MABP, LCaBF, c02Hb, 
and CBV, showing an initial decrease followed by a smaller increase. cHHb and 
CVP showed reverse biphasic changes. ICP increased but sa02 was unchanged. In 
all cases heart rate and cCyt.aa3 did not change significantly. Opening of the bridge 
for 1 s resulted in minor changes in only a few variables. In conclusion, opening of 
the bridge resulted in a decrease of CBV and cerebral 0 2 supply due to a decrease 
of cerebral blood flow, followed by a compensatory increase of cerebral 0 2 
extraction and vasodilation. The return of oxygenated blood after reclosing results 
in an increase of CBV with overcompensation of cerebral 0 2 supply. 
Introduction 
Extracorporeal Membrane Oxygenation (ECMO) improves the survival rate of 
newborn infants with severe respiratory failure, who do not respond to conventional 
treatment (Short et al. 1987; Stolar et al. 1991). In many short-term follow-up 
studies the handicap rate among survivors was reported to be about 20% (Glass, 
1993; Wildin et al. 1994). Cerebrovascular injury is one of the important predictors 
of poor neurodevelopmental outcome (Glass, 1993). 
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In the ECMO circuit a bypass bridge is placed between the arterial and the 
venous tubing to allow continuation of blood circulation in the ECMO system 
during an emergency when the patient is taken off ECMO by clamping both 
cannulae (Heiss & Bartlett, 1989; Zwischenberger & Cox, 1993). During the ECMO 
run, the bridge is clamped, but to prevent clot formation from prolonged blood 
stasis in the bridge, brief opening of the bridge every 15 min is part of routine 
management. However, opening of the bridge results in arterial-venous shunting in 
the ECMO circuit which might disturb the blood circulation and 0 2 supply to the 
brain. Using near infrared spectrophotometry (NIRS), the influence of bypass bridge 
opening on cerebral oxygenation and hemodynamics was investigated in newborn 
infants and in piglets. 
Materials and methods 
Newborn infants 
Ten newborn infants (gestational age 35.1 to 41.6 weeks, birth weight 2100 to 
4330 g, eight boys and two girls) who required ECMO treatment were studied after 
informed parental consent was given. The study was approved by the University 
Hospital ethics committee. All infants met the established ECMO selection criteria 
(Short et al. 1987), which includes cerebral ultrasound investigation. So, infants 
with cerebral hemorrhage or cerebral malformation would have been excluded. The 
underlying diseases were congenital diaphragmatic hemia (n = 4), meconium 
aspiration syndrome (и = 2), and persistent pulmonary hypertension due to other 
causes (n = 4). Before cannulation the infants were anesthetized using fentanyl 
(0.01 mg/kg) and midazolam (0.1 mg/kg). All infants were already paralyzed with 
pancuronium (0.01 - 0.02 mg/kg-h) and treated with vasoactive drugs (dopamine 
and/or dobutamine, 5-10 μg/kg·h). During ECMO, the infants were mechanically 
ventilated (Babylog 8000, Drager, Lübeck, Germany) at a low level for pressure 
(20 - 25 mbar), rate (16 breaths/min), and fraction of inspired 0 2 concentration 
(0.30). Medication prescribed before ECMO was continued during the measurement 
period. 
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Heart rate (HR) and (umbilical) mean arterial blood pressure (MABP) were 
continuously monitored (Sirecust 404N, Siemens, Erlangen, Germany). Foot arterial 
0 2 saturation (ja02) was also continuously measured by pulse oximetry (N 200, 
Nellcor Inc., Hayward, CA, USA). 
Piglets 
Twelve female piglets (age 2 to 3 weeks, weight 7.6 to 8.5 kg) were obtained from 
a local farm. The piglet was selected as the animal model because of its closer 
physiological resemblance to the human infant, easy availability, and low cost 
(Glauser, 1966). For sedation, a mixture of droperidol and fentanyl (0.25 mg/kg and 
0.005 mg/kg, respectively) was administered intramuscularly. After 30 min, 
anesthesia was induced by i.v. midazolam (1.5 mg/kg), atropine (0,25 mg), and 
fentanyl (0.2 mg/kg). During artificial ventilation (Babylog 8000, Dräger, Lübeck, 
Germany), anesthesia was maintained using i.v. fentanyl (0.2 mg/kg· h), midazolam 
(0.4 mg/kg· h), and droperidol (0.1 mg/kg·h). The piglets were paralyzed with 
pancuronium (loading dose 0.2 mg/kg, maintaining dose 0.15 mg/kg-h). The 
ventilator settings were adjusted to maintain arterial partial pressure of carbon 
dioxide between 30 and 40 mm Hg (4.0 and 5.3 kPa) and arterial partial pressure of 
oxygen between 75 and 100 mm Hg (10.0 and 13.3 kPa). Rectal temperature was 
monitored and maintained between 38 and 39°C with a servo-controlled heating 
mattress. 
Catheters were placed in the abdominal aorta through a femoral artery and in the 
inferior vena cava near the right atrium via a femoral vein for continuous 
monitoring of MABP (HP 78206C, Hewlett Packard, Boeblingen, Germany) and 
central venous pressure (CVP) (HP 78205C, Hewlett Packard, Boeblingen, 
Germany). Through the other femoral artery a fiberoptic oximeter catheter 
(Spectracath STP 7.5 Fr, Viggo Spectramed, Oxnard, CA, USA) was inserted into 
the abdominal aorta for on-line continuous monitoring of ia02 (НеторЮ2 SP1455, 
Viggo Spectramed, Oxnard, CA, USA). Mean blood flow in the left common 
carotid artery (LCaBF) was continuously recorded by an electromagnetic flowmeter 
(Scalar MDL 1401, Scalar Medical, Delft, The Netherlands) using a 2.5-mm 
diameter probe. Changes in LCaBF reflect changes in cerebral blood flow (CBF) 
(Van Bel et al. 1994). After neck incision, the cisterna magna were punctured with 
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a hollow needle through the foramen magnum, and a catheter was placed through 
the needle into the cisterna magna for continuous monitoring of intracranial 
pressure (ICP) (HP 78205C, Hewlett Packard, Boeblingen, Germany). The needle 
was withdrawn after successful positioning of the catheter, as shown by a pulsatile 
signal on the monitor. 
Six piglets were put on ECMO during normoxemic condition. The other six 
piglets were put on ECMO after being hypoxemic (ia02 < 80%) for at least 2 h 
due to ventilator fraction of inspired 0 2 concentration between 0.16 and 0.18. 
Near Infrared Spectrophotometry 
The NIRS equipment used was developed by the Department of Biomedical 
Engineering and Medical Physics, University of Keele (UK) and produced by 
Radiometer (Copenhagen, Denmark) (Thorniley et al. 1990). This method is based 
on spectrophotometric measurement of changes in the absorption properties of 
hemoglobin and cytochrome aa3 in the near infrared region, depending on their 
oxygenation state (Jöbsis, 1977). Details of our NIRS measurement procedure have 
been described earlier (Liem et al. 1994). Briefly, near infrared light at 3 
wavelengths (904, 845, and 775 nm) was transmitted through the skull by fiberoptic 
bundles. Using the described algorithm, concentration changes of oxyhemoglobin 
(Ac02Hb), deoxyhemoglobin (AcHHb), and (oxidized — reduced) cytochrome aa3 
(AcCyt.aa3) were calculated from changes in absorption of near infrared light at 
these three wavelengths. The transmitting and receiving optodes were fixed to the 
skull as previously described (Liem et al. 1992c). In the infants they were placed at 
a relative angle of approximately 90°, one at the anterior fontanelle, the other at the 
right parietotemporal region. In piglets each optode was positioned between the 
midline of the skull and the ear. Interoptode spacing was greater than 2.5 cm, to 
ensure a constant pathlength multiplying factor (Van der Zee et al. 1992), which has 
been stated to be 4.39 times the interoptode spacing (Wyatt et al. 1990b). As the 
optical pathlength is wavelength-dependent, some modification of the algorithm has 
been made (Wickramasinghe & Rolfe, 1993). Using the obtained optical pathlength 
and a value of 1.05 g/mL for brain-specific mass, the concentration changes are 
expressed in μπιοΙ/100 g. Ac02Hb and AcHHb reflect changes in cerebral 0 2 
supply, whereas AcCyt.aa3 reflects changes in cerebral 0 2 sufficiency (Jöbsis-
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Vandervliet, 1991). Changes in concentration of total hemoglobin (ActHb) were 
calculated as the sum of Ac02Hb and ДсННЬ. Changes in cerebral blood volume 
(ACBV), expressed in mL/100 g, were calculated from the formula: 
ACBV = 4 · ActHb 
0.69 · cHb 
where cHb is the arterial hemoglobin concentration in mmol/L, 0.69 is the 
cerebral-arterial hematocrit ratio (Lammertsma et al. 1984), and 4 is a correction 
factor, because ctHb is calculated from changes in light absorption using extinction 
coefficient based on the tetraheme molecule, whereas cHb determination is based on 
the monoheme molecule. 
Experimental procedure 
After cannulation of the right common carotid artery and the internal jugular vein 
(in piglets the external jugular vein was used) standard veno-arterial ECMO was 
performed (Short et al. 1987). After starting ECMO the flow rate was increased 
gradually over several minutes until a level (ranging from 140 to 205 mL/kg-min 
in the infants and from 65 to 100 mL/kg-min in the piglets) was reached, which 
was sufficient to maintain sa0 2 between 95 and 100%. Approximately 1 h after the 
start of ECMO and stabilization of all variables, the bypass bridge was opened for 
10 s. After restabilization of the measured variables, the bypass bridge was opened 
again for just 1 s, because in current clinical practice the period during which 
bridge is opened ranges from 1 to 10 s. Due to expected changes in cerebral 
oxygenation and hemodynamics, a longer opening time than 10 s might expose the 
newborn to unnecessary risk. To imitate the clinical situation we used the same 
opening time of the bridge in the piglets and did not wait till a steady state was 
reached during opening of the bridge. During the experiments all variables were 
measured by a sampling rate of 1 Hz. Due to technical problems, the data of 1-s 
bridge opening in one piglet were not available. Measurement of LCaBF failed in 
another piglet. 
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Data analysis 
Before analysis, the data of CVP and ICP were filtered with a 0.3-Hz low pass 
filter to reduce signal noise caused by breathing movements. For each variable the 
mean and SD value were calculated from a 30-s period before opening of the 
bypass bridge. The beginning of MABP change was considered to represent the 
actual beginning of the bridge opening (t = 0). The mean values were the base 
levels for the corresponding signal. The analysis searched for the first minimum and 
maximum change within 120 s. The search for the first minimum started if the 
signal exceeded the base level more than —2 SD for more than 3 s and continued 
until the signal exceeded a level more than 2 SD above the local minimum for more 
than 3 s. The first maximum was found in a similar way. Minimum and maximum 
changes were calculated as the difference between this local minimum or maximum 
and its base level. When no peak change was found a value of zero was taken. The 
results were statistically analyzed by performing the Wilcoxon signed-rank test and 
the level of significance was chosen at 0.01 to correct for multiple testing 
(Bonferoni correction). 
Results 
Newborn infants 
Recording of important variables in an infant during opening of the bridge for 10s 
is shown in Fig. 11.1. The results of the calculation are presented in Tables 11.1 
and 11.2. Opening of the bypass bridge for 10 s was followed by a significant 
decrease in MABP, c02Hb, and sa02 and an increase in cHHb. CBV showed 
changes suggestive of a biphasic course, showing an initial decrease followed by a 
secondary increase, but these changes were not large enough to reach statistical 
significance. The peak change of the NIRS variables occurred at the same time 
interval as that of MABP. The negative peak change of ja02 occurred after that of 
MABP. After opening of the bridge for 1 s, no significant changes of the measured 
variables were observed. HR and cCyt.aa3 were unchanged in both interventions 
and therefore are not shown in the tables. 
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Fig. 11.1. Registration of c0 2 Hb, cHHb, CBV, sa0 2 , and MABP during opening of the bypass bridge 
for 10 s in an infant (sampling frequency 1 Hz). 
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Table 11.1. Changes during opening of the bypass bridge for 10 s in 10 infants during ECMO 
Absolute value First peak Interval Second peak Interval 
before opening change time (s) change time (s) 
AMABP(mmHg) 53 1 -14 5· 11 0 0 64 
(40 0 , 6 4 7) ( - 2 9 1 , - 2 0) (5,15) ( 0 0 , 2 2 ) (42,85) 
Asa02(%) 94 3 - 7 9* 20 0 0 
(90 9,100 0) (-19 8 , - 3 0) (12,36) ( 0 0 , 0 0 ) 
Дс02НЬ (^mol/100 g) not available - 0 74* 14 0 04 70 
( - 1 1 4 , - 0 4 2 ) (11,20) (000,033) (45,81) 
ДсННЬОітоІ/lOOg) not available 0 62* 16 0 00 72 
(0 46,123) (13,22) (-0 20,QO0) (47,88) 
ДСВ (mL/100 g) not available - 0 19 10 0 10 30 
(-0 3 3 , 0 14) (5,21) (-0 0 6 , 0 18) (19,108) 
Values are median (range) 
* p < 001 
Table 11.2. Changes during opening of the bypass bridge for 1 s in 10 infants during ECMO 
Absolute value First peak Interval Second peak Interval 
before opening change time (s) change time (s) 
ΔΜΑΒΡ (mm Hg) 54 0 - 2 7 8 0 0 
(400,74 3) ( - 4 6 , - 1 8 ) (4,15) ( 0 0 , 0 0 ) 
Asa02(%) 96 8 - 0 0 22 0 0 53 
(895,1000) (-3 1,15) (7,86) ( - 1 4 , 2 0 ) (17,89) 
Дс02НЬ (μπιοΙ/100 g) not available - 0 11 7 0 05 49 
( - 0 1 6 , 0 0 0 ) (3,9) (000,023) (15,113) 
AcHHbfcmol/lOOg) not available 0 10 7 0 00 72 
(-0 10,0 13) (5,16) (-0 19,0 00) (54,91) 
ДСВ (mL/100 g) not available - 0 00 34 0 00 12 
(-0 14,0 12) (3,110) (0 0 0 , 0 10) (12,12) 
Values are median (range) 
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Fig. 11.2. Registration of e02Hb, cHHb, CBV, LCaBF, ICP, ia0 2 , CVP, and MABP during opening of 
the bypass bridge for 10 s in a piglet (sampling frequency 1 Hz). 
Piglets 
Recording of important variables in a piglet during opening of the bridge for 
10 s are shown in Fig. 11.2. Inasmuch as there was no significant difference in the 
response between hypoxemic and normoxemic piglets, they were considered as one 
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group. The response was in the same direction as that in the infant experiment, but 
the magnitude of the changes was different (Tables 11.3 and 11.4). However, a 
biphasic response after a 10-s opening of the bypass bridge was observed for 
MABP, LCaBF, c02Hb, and CBV, showing an initial decrease followed by a 
smaller increase. Reverse biphasic response was observed for cHHb and CVP. The 
first peak change of these variables occurred at the same time interval. 
Table 11.3. Changes during opening of the bypass bridge for 10 s in 12 piglets during ECMO. 
Absolute value First peak Interval Second peak Interval 
before opening change time (s) change time (s) 
AMABP(mmHg) 113.7 -37.6** 12 2.5* 34 
(79.0 , 135.7) (-76.9 , -26.0) (9 , 14) (0.0 , 8.9) (19 , 76) 
ДС Р (mm Hg) 6.7 3.6*» 8 -0.6* 24 
(4.9,10.5) (1.9,7.8) (6,14) (-1.6,0.0) (16,62) 
Asa02(%) 99.3 0.0 16 0.0 28 
(86.1 ,99.4) (-2.9 , 1.7) (8 ,39) (-6.3 ,0.0) (22 , 33) 
AICP(mmHg) 16.0 -1.8 7 4.7* 19 
(10.5 ,21.2) (-4.1 , 2.8) (4 , 14) (-0.8 , 12.5) (12 , 80) 
ALCaBF (mL/min)t 123.8 -37.3** II 8.2* 24 
(92.2,200.7) (-80.3,-30.8) (9,13) (0.0,18.9) (19,50) 
Дс02НЬ (^mol/100 g) not available -0.65** 12 0.16** 53 
(-1.48 , -0.42) (7 , 22) (0.00 , 0.50) (15 , 68) 
ДсННЬ (/imol/100 g) not available 0.50** 13 -0.14* 60 
(0.24 , 0.87) (9 , 22) (-0.37 , 0.00) (53 , 68) 
ДСВ (mL/100 g) not available -0.24** 10 0.13** 20 
(-0.52,-0.14) (7,14) (0.06,0.22) (15,51) 
Values are median (range). 
* ρ < 0.01. 
**p<0.001. 
t n = 11. 
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However, the second peak change of c02Hb and cHHb occurred significantly later 
than that of CBV. In most piglets ICP showed a biphasic response (Fig. 11.2). 
However only the second (positive) peak change was statistically significant. After 
opening of the bridge for 1 s, only a single peak change was observed for cHHb, 
LCaBF, MABP, and CVP. ia0 2, HR, and cCyt.aa3 did not change in either 
intervention. They are not shown in the tables. 
Table 11.4. Changes during opening of the bypass bridge for 1 s in 11 piglets during ECMO. 
Absolute value First peak Interval Second peak Interval 
before opening change time (s) change time (s) 
AMABP(mmHg) 105.6 -11.7** 5 2.0 35 
(69.2,127.9) (-16.9,-6.7) (5,7) (0.0,3.6) (14,87) 
ДС Р (mm Hg) 6.4 0.9* 4 0.0 20 
(4.7,11.1) (-0.8,2.1) (2,33) (-1.3,0.0) (15,23) 
Дга02(%) 99.3 0.0 68 0.0 
(94.8 , 99.4) (-1.7 , 0.0) (10 , 98) (0.0 , 0.0) 
ДІСР (mm Hg) 13.7 -0.6 8 0.7 13 
(11.4,18.7) (-2.2,2.0) (3,45) (-1.7,4.2) (8,42) 
ALCaBF (mL/min)t 126.3 -12.4** 5 1.6 63 
(91.8,162.4) (-17.4,-8.3) (4,7) (0.0,5.8) (15,103) 
Дс02НЬ (iimol/100 g) not available -0.14 8 0.00 56 
(-0.22 ,0.15) (5 , 63) (0.00 ,0.20) (48 , 67) 
ДсННЬ (/«mol/100 g) not available 0.09* 10 0.00 50 
(0.00,0.20) (6,31) (-0.15,0.00) (17,59) 
ДСВ (mL/100 g) not available -0.08 12 0.00 41 
(-0.16 ,0.16) (5 , 82) (0.00 ,0.07) (17 , 58) 
Values are median (range). 
* ρ < 0.01. 
•*p<0.001. 
t л = 10. 
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Discussion 
We showed that opening of the ECMO bypass bridge results in significant changes 
in cerebral oxygenation and hemodynamics. Because after a 10-s opening no steady 
state occurs, it is impossible to separate the variation in the magnitude of the 
responses from the rapidity of responses. However, the observed changes can be 
explained as follows (Fig. 11.3). Opening of the bridge results in shunting of 
arterial blood from the oxygenator through the open bypass bridge to the low 
pressure venous part of the circuit. Because of higher aortic blood pressure, a 
retrograde blood flow from the arterial cannula into the bypass bridge will occur, 
resulting in MABP decrease. Simultaneously an initial decrease of CBV was also 
observed, although this was less clear in the infants. Theoretically a CBV decrease 
is caused by decreased CBF or increased venous outflow (Mchedlishvili, 1986). 
Decreased rather than increased cerebral venous outflow seems to occur, as in 
piglets CVP increased. Therefore the decrease of CBV can be explained by a larger 
decrease of CBF than of cerebral venous outflow. Decreased LCaBF in our piglets 
reflects also decreased CBF (Van Bel et al. 1994). A positive relationship between 
CBF and CBV has been described (Pryds et al. 1990b). These CBF changes seemed 
to be related to MABP changes and might be due to disturbed autoregulation during 
ECMO (Liem et al. 1992a; Short et al. 1993). There is some evidence that the 
autoregulatory response after blood pressure change occurs with a delay of a few 
seconds (Kontos et al. 1978). Due to decreased CBF, 0 2 supply to the brain will be 
reduced, as reflected by decreased c02Hb. This will be compensated for by 
increased 0 2 extraction, as reflected by the initial increase of cHHb, as well as by 
arteriolar vasodilation, as reflected by the secondary increase of CBV and the 
delayed increase of ICP. The secondary increase of c02Hb, which occurred later 
than CBV increase, can be explained by the return of oxygenated blood to the 
dilated cerebral vascular bed after closing the bridge. This will also result in 
decreased 0 2 extraction, as reflected by the secondary decrease of cHHb. The initial 
increase of cHHb could also be explained by decreased cerebral venous outflow, 
because CVP is increased due to relative obstruction of venous blood flow in the 
venous tubing by arterial-venous shunting of blood through the bridge. However, 
occurrence of retrograde flow of arterial blood through the venous tubing to the 
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Fig. 11.3. Schematic model of blood flow direction and oxygenation during ECMO in respiratory 
distressed newborn with closed bypass bridge (A) and presumed changes when the bridge is open (B). 
RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. 
right atrium cannot be excluded. Further investigation is needed to clarify the flow 
changes in each part of the circuit during opening of the bypass bridge. 
The lack of biphasic responses in the newborn infants might be caused by 
decrease of vascular reactivity due to vasoactive agents, which are usually used 
before starting ECMO. In the piglets these agents were not used, permitting 
complete contraregulation after closing the bridge. 
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As the piglet lungs were normal, the animals were able to maintain ia02 , despite 
a significant reduction of oxygenated blood supply during opening of the bypass 
bridge. In contrast, the poor pulmonary function of the infants results in inability to 
maintain sa02 during opening of the bridge. This normally will result in decrease of 
cerebral vascular resistance and consequently increase in CBV, which might 
compensate for the CBV decrease caused by reduction of MABP and explain the 
less clear effect of bridge opening on CBV in the infants. 
The clinical relevance of our findings is unclear, because this is the first report 
showing evident changes in cerebral circulation and 0 2 supply due to bridge 
opening. It might be harmful for the brain, but this is not supported by the finding 
of unchanged cCyt.aa3, reflecting unaffected cerebral 0 2 sufficiency. However, data 
on cCyt.aa3 should be interpreted with caution, inasmuch as the value was 
calculated using an algorithm that is derived from experiments on rat brains after 
exchange transfusion with fluorocarbon, and therefore results might be affected by 
noise due to residual hemoglobin after fluorocarbon exchange (Pryds et al. 1990b), 
as well as due to scattering by fluorocarbon which is different from that of 
erythrocytes. During an average ECMO run of 120-h duration (Stolar et al. 1991), 
the bridge will be opened manually approximately 480 times with variable duration. 
It can be speculated that this frequently repeated perturbation of the cerebral 
circulation might be a risk factor for cerebrovascular injury, an important 
complication during ECMO (Stolar et al. 1991; Taylor et al. 1989) and a strong 
predictor of poor neurodevelopmental outcome (Glass, 1993). 
As the bypass bridge is an essential part of the ECMO circuit, an alternative 
strategy for preventing clot formation should be looked for. An adjustable valve in 
the bridge allowing a very low but continuous blood flow through the bridge could 
be designed. Another future option would be the design of one-way valve in 
different parts of the ECMO circuit. However, it is not known whether the presence 
of such valves would result in local turbulence facilitating thrombus formation. 
In conclusion, significant changes in cerebral oxygenation and hemodynamics 
were observed during opening of the bypass bridge during ECMO. The clinical 
relevance is unclear, but these frequently recurring changes may contribute to 
cerebrovascular injury during ECMO. Further study is necessary to determine the 
best management of the bypass bridge during ECMO. 
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The studies presented in this thesis clearly demonstrate that near infrared 
spectrophotometry (NIRS) is a valuable method for the noninvasive and continuous 
investigation of neonatal cerebral oxygenation and hemodynamics. It has improved 
our understanding of some cerebral pathophysiological processes related to 
therapeutic interventions. However, due to certain limitations, the current NIRS 
method is not yet suitable for application in routine clinical monitoring. 
Improvement of the current NIRS method will enhance the value of NIRS as a 
research tool. The application of NIRS as a clinical tool in the neonatal intensive 
care unit may also become possible. Improvements should be made in the near 
future with respect to quantitative measurement of the variables and the reliability 
of the cytochrome aa3 signal. 
Quantitative measurement 
The impossibility of absolute quantitative measurement is an important limitation in 
the use of NIRS as a research or a clinical tool. Quantification of the scattering 
effects and accurate measurement of the actual pathlength are necessary in order to 
solve this problem. Measurement of the actual pathlength without expensive and 
large equipment seems to be possible using near infrared phase-shift or phase-
resolved spectrophotometry, in which the intensity of the incident light is modulated 
sinusoidally. The pathlength can then be calculated from the phase shift of the 
received light with respect to the incident light (Benaron et al. 1995; De Blasi et al. 
1995; Duncan et al. 1995; Sevick et al. 1991). Another approach is the use of 
second-differential spectrophotometry of water absorption spectra in the near 
infrared region (Matcher et al. 1993; Matcher & Cooper, 1994), which may 
contribute to the achievement of quantitation of the chromophore concentration. 
Improvement of the mathematical model including the quantitation of the scattering 
and the pathlength will make near infrared imaging of the neonatal brain also 
possible (Benaron & Stevenson, 1993; Delpy, 1991). 
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The reliability of the cytochrome aa3 signal 
Measurement of the in vivo redox state of the enzyme cytochrome aa3 is considered 
the most valuable part of NIRS, but the reliability of this signal has been disputed 
(Pryds et al. 1990b; Skov & Greisen, 1994). Due to the very low concentration of 
this enzyme in the neonatal brain, it is possible that normal physiological changes in 
the redox state of this enzyme are under the detection level of the currently 
available equipment (Wickramasinghe et al. 1994). The influence of the cross-talk 
with the hemoglobin signal seems to be small, but about 10% of the signal may be 
due to other redox centres such as cytochrome c. Therefore changes in the redox 
state of cytochrome aa3 smaller than 0.1 μπιο1/100 g should be treated with caution 
(Cooper et al. 1994) and development of a proper algorithm is essential (Colier et 
al. 1992). The use of more wavelengths might contribute to better differentiation of 
the real absorption signal of this enzyme and reduce the cross-talk with other 
absorbers. On the other hand, there is some evidence that significant reduction of 
this enzyme will occur only during extreme hypoxemia (Tsuji et al. 1995). 
Furthermore, in the neonatal period this enzyme seems to be able to increase its 
affinity to 0 2 during moderate and severe hypoxemia (Jöbsis-Vandervliet, 1991). 
However, the relationship between the redox state of cytochrome aa3 and 0 2 supply 
to tissue is not fully understood (Balaban, 1990). Therefore, the clinical significance 
of the changes in the cytochrome aa3 signal is still not clear and it is a challenge in 
neonatal brain research to improve our understanding of the behavior of this 
important enzyme. 
When improvements of the NIRS method can be realized, its future role in the 
research on neonatal cerebral oxygenation and hemodynamics will be very 
promising. Evaluation of new therapeutic modalities and investigation of the 
physiological role of cerebral blood volume especially can be more extensively 
performed. 
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Evaluation of new therapeutic modalities 
Decreasing mortality is currently not the only goal in the management of critically 
ill newborn infants in the neonatal intensive care unit. Prevention of cerebral 
damage and future handicap in the survivors is also considered to be important. The 
impact of each new therapeutic modality on neurodevelopmental outcome should be 
investigated carefully. Extracorporeal membrane oxygenation (ECMO) is one of the 
recently introduced therapeutic interventions for newborn infants with severe 
respiratory disorders, and has been shown to improve their survival rate 
dramatically (Geven et al. 1995; Kanto Jr., 1994; Short et al. 1987; Stolar et al. 
1991; Van Heyst et al. 1993). However, the influence of ECMO on neonatal 
cerebral oxygenation and hemodynamics is not fully understood yet. There is 
evidence that during veno-arterial ECMO alteration of cerebral hemodynamics 
occurs (Liem et al. 1995a; Liem et al. 1995b; Liem et al. 1996; Matsumoto et al. 
1990; Nowlen et al. 1989; Rosenberg & Kinsella, 1992; Short et al. 1993; Short et 
al. 1994a; Short et al. 1994b; Stolar & Reyes, 1988; Taylor et al. 1988; Taylor & 
Walker, 1992; Van de Bor et al. 1990). However, most data are derived from 
animal studies, which usually differ from the human situation, especially in the 
pre-ECMO disease. Further research is necessary to explain the observed alterations 
and to develop strategies to prevent cerebral damage. A substantial contribution can 
certainly be expected from NIRS, which can also be applied to investigate cerebral 
oxygenation and hemodynamics during other current and future therapeutic 
interventions. 
The value of cerebral blood volume measurement 
Cerebral blood volume (CBV) and its changes can be measured quantitatively by 
NIRS. However, the role of CBV in both physiological and pathological conditions 
is not yet clearly defined. A gold standard for CBV measurement has not yet been 
achieved (Tornita, 1988). Most studies on the regulation of cerebral hemodynamics 
are focused on cerebral blood flow (CBF). A relationship between the value of CBF 
and CBV has been shown (Pryds et al. 1990b; Risberg et al. 1969), but has been 
disputed by others (Tornita, 1988). However, it has been speculated that CBV might 
have a key role in the regulation of CBF and therefore might have a more 
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important role in the regulation of cerebral hemodynamics (Mchedlishvili, 1986; 
Mchedlishvili, 1988; Tornita, 1988). Further systematic investigation of the role of 
CBV in neonatal cerebral physiology is necessary. 
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188 Summary 
Disturbances in cerebral oxygenation and hemodynamics in the neonatal period are 
the most important causes of brain damage and future handicap. Understanding the 
pathophysiology of these disturbances is necessary for the development of 
appropriate strategies to prevent brain damage. Near infrared spectrophotometry 
(NIRS) is a new technique, which offers the possibility of noninvasive, continuous, 
and bedside measurement of changes in cerebral oxygenation and hemodynamics. 
The principle of this method is based on continuous spectrophotometric 
measurement of oxygenation-dependent changes in the absorption properties of 
hemoglobin and cytochrome aa3 in the near infrared region. Due to limitations of 
the method only changes in the concentration of oxyhemoglobin (c02Hb), 
deoxyhemoglobin (cHHb), total hemoglobin (ctHb), and (oxidized — reduced) 
cytochrome aa3 (cCyt.aa3) can be measured. Changes in c02Hb and cHHb reflect 
changes in cerebral 0 2 supply, whereas changes in ctHb reflect changes in cerebral 
blood volume (CBV). When the concentration of intravascular hemoglobin is 
known, changes in CBV can be calculated. When ctHb is constant, Ac02Hb and 
ДсННЬ will also give indirect information on changes in cerebral 0 2 extraction. 
Changes in cCyt.aa3 reflect changes in 0 2 sufficiency in cerebral tissue. Details of 
the background, the limitations, and the applicability of the NIRS method in 
neonatal medicine are described in chapters 2, 3, and 4. In this thesis the results of 
investigations into alterations in neonatal cerebral oxygenation and hemodynamics 
during some selected interventions, either as therapy or as a part of normal care, are 
described. For our studies, we used NIRS in combination with the measurement of 
other relevant physiological variables. 
In chapter 5 the alterations in cerebral oxygenation and hemodynamics during 
repeated indomethacin administration, as treatment for patent ductus arteriosus, are 
described in 14 preterm infants. While systemic oxygenation and hemodynamic 
variables remained unchanged, each indomethacin administration was accompanied 
by an immediate reduction in cerebral 0 2 supply and a reduction in cerebral tissue 
oxygenation due to decreased cerebral perfusion, which persisted for at least 
60 min. These changes became smaller after the second and third dose, but 
remained significant. No differences in the responses were found between the 
infants whose ductus was already closed after the previous indomethacin 
Summary 189 
administration and the infants whose ductus was still patent. These results 
demonstrate that indomethacin administration as a treatment for patent ductus 
arteriosus might be harmful to the brain and should therefore be used with caution 
in preterm infants with low arterial 0 2 content, either caused by low arterial 0 2 
saturation or by low hemoglobin concentration. 
The influence of blood transfusion and hemodilution on cerebral oxygenation 
and hemodynamics in newborn infants is described in chapter 6. Blood transfusion 
in 13 preterm infants with anemia of prematurity resulted in an improvement in the 
cerebral 0 2 supply and cerebral red cell transport, despite some evidence of 
decreased cerebral perfusion. Isovolemic hemodilution using partial plasma 
exchange transfusion in 10 infants with polycythemia did not improve cerebral 0 2 
supply and cerebral red cell transport, despite evidence of increased cerebral 
perfusion. Blood withdrawal during exchange transfusion not exceeding 7% of the 
circulatory volume does not seem to influence cerebral perfusion. We speculate that, 
in contrast to blood transfusion as a therapy for anemia, the necessity and the 
beneficial effect of hemodilution as a treatment of neonatal polycythemia can be 
questioned. 
In chapter 7 the effects of open, closed, and sham endotracheal suctioning on 
changes in cerebral oxygenation and hemodynamics in 10 ventilated preterm infants 
with hyaline membrane disease are described. Open and sham endotracheal 
suctioning resulted in decreased systemic oxygenation and cerebral 0 2 supply and in 
fluctuations of cerebral hemodynamics. During closed endotracheal suctioning the 
decrease in systemic oxygenation and cerebral 0 2 supply was still present, but 
significantly less than during open and sham endotracheal suctioning. However, 
similar fluctuations in cerebral hemodynamics still occurred. This is probably 
caused by the relatively large ratio between the cross sectional area of the suction 
catheter and that of the endotracheal tube used in these infants. This will result in 
considerable obstruction of the endotracheal tube, despite continuation of the 
mechanical ventilation. Moreover, due to the large dead space of the closed 
suctioning device, hypercapnia occurred and resulted in cerebral hyperperfusion, 
which might be harmful to the brain. Reduction of the dead space in this device and 
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of the external diameter of the suction catheter would be necessary before its use in 
preterm infants can be recommended. 
Chapter 8 describes the changes in cerebral oxygenation and hemodynamics in 
24 newborn infants during induction of veno-arterial extracorporeal membrane 
oxygenation (ECMO) as an ultimate treatment for severe respiratory failure. 
Evidence of increased 0 2 extraction after ligation of the right common carotid 
artery for cannulation for the ECMO circuit was found, probably due to the 
increased transit time of blood circulation caused by diversion of the arterial blood 
supply to the right cerebral hemisphere. Ligation of the right internal jugular vein 
did not result in any changes in cerebral oxygenation and hemodynamics. In the 
first 60 min after starting ECMO cerebral 0 2 supply increased, which is caused by 
an improvement in arterial oxygenation. Despite increased cerebral 0 2 supply, no 
changes in cerebral 0 2 sufficiency were found, reflecting sufficient preservation of 
intracellular cerebral oxygenation in the pre-ECMO period in spite of the existence 
of prolonged hypoxemia in these patients. Considerable hemodilution occurred after 
starting ECMO due to the lower hemoglobin concentration in the priming solution 
of the ECMO circuit. There was evidence of cerebral hyperperfusion after induction 
of ECMO, probably linked to increased blood pressure. This cerebral 
hyperperfusion might be the result of reactive posthypoxemic hyperperfusion, loss 
of autoregulation due to prolonged hypoxemia before ECMO and/or decreased 
arterial pulsatility, or compensation for hemodilution related to the ECMO 
procedure. 
In order to investigate the cause of cerebral hyperperfusion after starting 
veno-arterial ECMO, the differences in the response of cerebral oxygenation and 
hemodynamics were studied in 6 normoxemic and 6 moderately hypoxemic piglets 
during induction of veno-arterial ECMO after careful priming of the ECMO circuit 
to avoid hemodilution. The results are described in chapter 9. In both groups 
induction of veno-arterial ECMO was accompanied by similar cerebral 
hyperperfusion, but no relationship to changes in blood pressure was found. 
Therefore this effect seems to be related to characteristics of the ECMO procedure 
itself, such as reduced arterial pulsatility, the release of microemboli or the release 
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of endotoxin-related inflammatory mediators caused by exposure of blood to 
"foreign" materials in the ECMO system. However, the role of reactive 
posthypoxemic hyperperfusion cannot be completely excluded, since hypoxemia in 
these piglets was not as severe as in infants requiring ECMO. Cerebral 
hyperperfusion resulting from the ECMO procedure might be a risk factor for the 
occurrence of cerebral hemorrhage. 
In chapter 10 the cerebrovascular response to changes in arterial partial pressure 
of carbon dioxide (paC02) is described in 4 groups of 6 piglets: normoxemia 
without ECMO, ECMO after normoxemia, moderate hypoxemia without ECMO, 
and ECMO after moderate hypoxemia. Hypercapnia resulted in a similar increase in 
cerebral 0 2 supply and cerebral perfusion in all groups. Hypocapnia resulted in 
opposite effects in all groups. No clear differences in the responses between the 
hypoxemic and normoxemic groups and between the ECMO and non-ECMO groups 
were found. We concluded that cerebrovascular reactivity to changes in ра.С02 
remains intact during ECMO in piglets. Therefore, paC02 should be kept stable and 
in normal range during ECMO in infants. 
Chapter 11 describes the changes in cerebral oxygenation and hemodynamics in 
relation to the opening of the bypass bridge, which will create a shunt of blood 
from the arterial to the venous compartment of the ECMO circuit. Opening the 
bypass bridge for 10 s in 10 newborn infants and 12 piglets during ECMO resulted 
in a decrease in CBV and cerebral 0 2 supply due to a decrease in cerebral blood 
flow, and evidence of a concomitant increase in cerebral 0 2 extraction. A 
compensatory decrease in cerebral vascular resistance seemed to occur, since 
reclosing the bypass bridge resulted in an increase in CBV with overcompensation 
in the cerebral 0 2 supply due to the return of oxygenated blood to the dilated 
vascular bed. Since a brief opening of the bypass bridge is frequently repeated 
during ECMO treatment, these recurring changes in cerebral hemodynamics may 
contribute to cerebrovascular injury during ECMO. Alternative management 
strategies of the bypass bridge during veno-arterial ECMO should be developed. 
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Conclusion 
In this thesis it has been shown that the use of the NIRS technique can contribute to 
the investigation of neonatal cerebral oxygenation and hemodynamics. Using NIRS 
valuable data have been obtained on the cerebral effect of some current 
therapeutical or routine interventions in neonatal intensive care, which cannot be 
demonstrated by other clinical methods available. Since NIRS is completely 
noninvasive, it can be applied even in tiny infants. The possibility of continuous 
registration enables the investigation of dynamic changes during normal and 
pathological conditions. In combination with simultaneous registration of other 
relevant variables, NIRS has contributed to a better understanding of some 
pathophysiological processes in the neonatal brain. 
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Stoornissen in de zuurstofvoorziening (oxygenatie) en in het dynamisch gedrag van 
de bloedstroom (hemodynamica) van de hersenen zijn de belangrijkste oorzaken van 
hersenbeschadiging en latere handicap bij pasgeborenen. Zuurstof is essentieel voor 
de energie-omzetting in hersencellen, nodig voor het instandhouden van de 
celfunctie. Beter inzicht in de ontstaansmechanismen van deze stoornissen is 
noodzakelijk om preventieve maatregelen te kunnen ontwikkelen. Near infrared 
spectrofotometrie (NIRS) is een nieuwe methode waarmee veranderingen in de 
oxygenatie en hemodynamica van de hersenen direct, continu en niet-invasief 
gemeten kunnen worden. Deze methode maakt gebruik van het "near infrared" licht 
(golflengte tussen 700 en 1000 nm), dat gemakkelijk in het hersenweefsel kan 
doordringen. Bij het doorschijnen van het weefsel wordt dit licht gedeeltelijk 
geabsorbeerd en gedeeltelijk verstrooid. In de hersenen geschiedt de absorptie door 
een tweetal stoffen: hemoglobine en cytochroom aa3. Hemoglobine is een stof in de 
rode bloedcel die zuurstof bindt en verantwoordelijk is voor het transport daarvan. 
De mate van de absorptie van dit "near infrared" licht wordt bepaald door de mate 
waarin hemoglobine zuurstof heeft gebonden (oxyhemoglobine en deoxy-
hemoglobine). Cytochroom aa3 is het laatste enzym van de keten van 
ademhalingsenzymen in de cel. Deze ademhalingsenzymen zorgen ervoor dat uit 
glucose met behulp van zuurstof energie wordt vrijgemaakt. De laatste stap van dit 
proces is de reactie waarin gereduceerd cytochroom aa3 met zuurstof wordt omgezet 
in geoxideerd cytochroom aa3. Vervolgens wordt de opgeslagen energie uit 
geoxideerd cytochroom aa3 vrijgemaakt, waarbij weer gereduceerd cytochroom aa3 
ontstaat. De mate van absorptie van het "near infrared" licht is afhankelijk van de 
verhouding tussen het geoxideerd en het gereduceerd cytochroom aa3. 
Wanneer geen verstrooiing van het licht optreedt, is de verhouding tussen de 
intensiteit van het ingaande en het uitgaande licht een directe maat voor de 
concentratie van de absorberende stoffen. "Near infrared" licht wordt echter in 
hersenweefsel wel degelijk verstrooid. De mate van verstrooiing is onbekend, doch 
men neemt aan dat dit binnen een individu constant is. Aldus kan, door de 
verandering van de verhouding tussen het ingaande en het uitgaande licht te meten, 
de verandering in concentratie van de absorberende stoffen gemeten worden. Door 
gebruik te maken van het "near infrared" licht met 3 verschillende golflengtes 
kunnen de veranderingen in de concentratie van oxyhemoglobine (c02Hb), 
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deoxyhemoglobine (cHHb) en (geoxideerd minus gereduceerd) cytochroom aa3 
(cCyt.aa3) gemeten worden. Uit de som van de veranderingen van c02Hb en cHHb 
kunnen de veranderingen van de concentratie van het totaal hemoglobine (ctHb) 
berekend worden. Veranderingen in c02Hb en cHHb geven informatie over de 
veranderingen van de zuurstofaanvoer naar de hersenen. Verandering in ctHb geeft 
informatie over de veranderingen van het bloedvolume in de hersenen. De 
veranderingen in het bloedvolume van de hersenen kunnen berekend worden, 
wanneer het hemoglobinegehalte in bloed bekend is. Omdat de totale hoeveelheid 
van het enzym cytochroom aa3 in de cel constant is, is het kennen van de 
veranderingen in het verschil tussen de concentraties van het geoxideerd en het 
gereduceerd cytochroom aa3 (cCyt.aa3) voldoende om de verandering in de 
oxygenatietoestand van dit enzym te kunnen bepalen. Veranderingen in cCyt.aa3 
geven dus informatie over de veranderingen van de oxygenatie van de hersencellen 
zelf. De verdere details over de achtergronden en de beperkingen van NIRS zijn 
beschreven in de hoofdstukken 2, 3 en 4. 
In dit proefschrift zijn de resultaten beschreven van het onderzoek naar de 
veranderingen in de oxygenatie en hemodynamica van de hersenen bij pasgeborenen 
tijdens een aantal geselecteerde ingrepen. In dit onderzoek werden de metingen 
verricht met NIRS in combinatie met de registratie van andere relevante 
fysiologische variabelen. 
Bij vroeggeborenen met ademhalingsproblemen is vaak sprake van open ductus 
Botalli. De ductus Botalli is een bloedvat die de lichaamsslagader (aorta) en de 
longslagader verbindt. Vóór de geboorte is dit bloedvat uiterst belangrijk. In 
normale omstandigheden gaat binnen een aantal uren ná de geboorte de ductus 
dicht. Bij vroeggeborenen kan de ductus echter langer open blijven. Wanneer dan 
het bloed vanuit de aorta via de ductus naar de longen terugstroomt, kan dit de 
ademhalingsproblemen verergeren. Als behandeling wordt indomethacine 
toegediend, een stof die ervoor zorgt dat de ductus samentrekt. Het is echter bekend 
dat ook de bloedvaten van de hersenen onder invloed van indomethacine 
samentrekken, waardoor de doorbloeding van de hersenen zal afnemen. In 
hoofdstuk 5 worden de veranderingen in de oxygenatie en hemodynamica van de 
hersenen beschreven tijdens de toediening van 3 opeenvolgende doses van 
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indomethacine bij 14 vroeggeborenen met een open ductus. Terwijl de 
zuurstofspanning gemeten op de huid, de zuurstofverzadiging van het slagaderlijk 
(arteriële) bloed en de bloeddruk alle onveranderd bleven, ging elke toediening van 
indomethacine gepaard met een onmiddellijke daling van de zuurstofaanvoer naar 
de hersenen als gevolg van de verminderde doorbloeding en afname van het 
bloedvolume van de hersenen. Er waren ook aanwijzingen voor vermindering van 
de oxygenatie in de hersencellen, zoals weergegeven door het cytochroom signaal. 
Deze veranderingen bleven minstens 60 minuten aanhouden. Na de tweede en de 
derde dosis werden de veranderingen weliswaar kleiner, doch waren nog steeds 
duidelijk aanwezig. Er was geen verschil in de veranderingen van de gemeten 
variabelen tussen de patiënten waarvan de ductus reeds was gesloten en die waarbij 
de ductus nog steeds open was vóór de toediening van de volgende dosis 
indomethacine. Op grond van deze resultaten kan gesteld worden dat de toediening 
van indomethacine als therapie voor open ductus Botalli potentieel schadelijk is 
voor de hersenen. Derhalve dient men voorzichtig te zijn met het voorschrijven van 
een indomethacine behandeling bij vroeggeborenen met een marginale oxygenatie-
toestand, dat wil zeggen een lage zuurstofverzadiging van het arteriële bloed en/of 
een laag hemoglobine gehalte. 
In hoofdstuk 6 wordt de invloed van bloedtransfusie en bloedverdunning 
(hemodilutie) op de oxygenatie en hemodynamica van de hersenen bij pasgeborenen 
beschreven. Bloedtransfusie is de aangewezen behandeling bij bloedarmoede. 
Bloedarmoede bij vroeggeborenen gaat vaak gepaard met symptomen die wel 
worden toegeschreven aan een verminderde oxygenatie van de hersenen. In 
onderzoek bij 13 vroeggeborenen werd gevonden dat bloedtransfusie als 
behandeling van bloedarmoede tot verbetering van de zuurstofaanvoer naar de 
hersenen leidt. Hemodilutie is de behandeling bij verschijnselen van verdikt bloed 
(polycythemic) bij pasgeborenen. Dit geschiedt door in een aantal etappes een 
bepaalde hoeveelheid bloed van het kind te vervangen door eenzelfde hoeveelheid 
plasma. De klinische verschijnselen en de eventueel optredende hersenbeschadiging 
bij polycythemic worden in het algemeen toegeschreven aan de verminderde 
doorbloeding van de hersenen als gevolg van een te grote stroperigheid van het 
verdikte bloed. In onderzoek bij 10 pasgeborenen met polycythemic werd echter 
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gevonden dat hemodilutie niet leidt tot verbetering van de zuurstofaanvoer, ondanks 
verbetering van de doorbloeding van de hersenen. Het onttrekken van minder dan 
7% van het totale circulerend bloedvolume tijdens hemodilutie procedure leidt niet 
tot veranderingen van hemodynamica van de hersenen. Het nut van hemodilutie als 
behandeling van polycythemic kan dus betwijfeld worden, in tegenstelling tot dat 
van bloedtransfusie als behandeling van bloedarmoede. 
Tijdens kunstmatige beademing is het ophoesten van slijm uit de luchtwegen niet 
mogelijk. Daarom dient het slijm regelmatig uit de luchtpijp te worden gezogen 
(endotracheaal uitzuigen). Bij beademde pasgeborenen wordt endotracheaal 
uitzuigen uitgevoerd als een "open" methode, waarbij de kunstmatige beademing 
kort moet worden onderbroken om de uitzuigslang in de beademingstube op te 
schuiven. Dit leidt tot schommelingen van de oxygenatie en hemodynamica van de 
hersenen, die veroorzaakt worden door het onderbreken van de beademing. 
"Gesloten" endotracheaal uitzuigen, waarbij de uitzuigslang in de beademingstube 
opgeschoven kan worden zonder de beademing te onderbreken, zou de 
bovengenoemde bezwaren kunnen opheffen. In hoofdstuk 7 worden de effecten van 
"gesloten" endotracheaal uitzuigen op de oxygenatie en hemodynamica van de 
hersenen bij 10 beademde vroeggeborenen beschreven en vergeleken met de 
effecten van "open" uitzuigen én met onderbreking van de beademing zonder uit te 
zuigen ("sham" uitzuigen) bij dezelfde groep. Bij "open" en "sham" endotracheaal 
uitzuigen daalden de zuurstofspanning gemeten op de huid, de zuurstofverzadiging 
van het arteriële bloed en de zuurstofaanvoer naar de hersenen en traden 
schommelingen in de doorbloeding en het bloedvolume van de hersenen op. Ook 
tijdens "gesloten" endotracheaal uitzuigen werd een daling van zuurstofspanning, 
zuurstofverzadiging en zuurstofaanvoer waargenomen, doch dit was duidelijk 
minder dan bij "open" en "sham" endotracheaal uitzuigen. De schommelingen in 
doorbloeding en bloedvolume van de hersenen waren echter hetzelfde. Dit wordt 
waarschijnlijk veroorzaakt doordat de uitzuigcathcter nauwelijks dunner is dan de 
beademingstube die bij vroeggeborenen wordt gebruikt. Dit leidt tot een 
aanzienlijke obstructie van de beademingstube, waardoor de kunstmatige beademing 
ernstig wordt belemmerd. Daarnaast ontstond, door de grote "dode" ruimte van het 
"gesloten" uitzuigsysteem, een stijging van de koolzuurspanning in het bloed door 
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onvoldoende uitwassing ervan. Dit leidt tot een toename van de hersendoorbloeding, 
hetgeen schadelijk kan zijn. Verkleining van de "dode" ruimte en verkleining van de 
uitwendige diameter van de uitzuigcatheter zijn noodzakelijk voordat het "gesloten" 
uitzuigsysteem routinematig toegepast kan worden bij beademde vroeggeborenen. 
Veno-arteriële extracorporele membraan oxygenatie (ECMO) is een nieuwe en 
agressieve behandelingsmethode voor bepaalde pasgeborenen met ernstige 
ademhalingsstoornissen die niet reageren op de gebruikelijke behandeling met 
kunstmatige beademing en medikamenten. De patiënt heeft meestal een vele uren 
durende lage zuurstofverzadiging van het arteriële bloed (hypoxemie) vóór de 
ECMO behandeling begonnen wordt. ECMO is gebaseerd op het principe van de 
hart-long machine. Allereerst dient cannulatie van de patiënt plaats te vinden, 
waarbij één cannule in de rechter hals-slagader (arteria carotis communis) en één 
cannule in de rechter hals-ader (vena jugularis interna) worden ingebracht. Deze 
bloedvaten worden daarbij onderbonden. In normale omstandigheden, door de 
aanwezigheid van arteriële verbindingen tussen links en rechts, zal de aanvoer van 
bloed naar de rechter hersenhelft dan geheel via de linker arteria carotis communis 
verlopen. Vervolgens wordt de cannule in de arteria carotis communis opgeschoven 
tot de tip in de aorta en de cannule in de vena jugularis interna tot de tip in de 
rechter boezem van het hart komt te liggen. Daarna worden de cannules aangesloten 
op het ECMO systeem dat te voren gevuld is met de zogenaamde "priming" 
oplossing, waarin zich onder meer donorbloed bevindt. Het veneuze bloed uit de 
rechter boezem wordt via de cannule geleid naar het reservoir van het ECMO 
systeem en van daaruit wordt het bloed opgepompt met een zogenaamde roller 
pomp naar een kunstlong (membraan oxygenator) om voorzien te worden van 
zuurstof. Vervolgens wordt het bloed, na te zijn verwarmd, weer teruggegeven in de 
aorta via de cannule in de arteria carotis communis. Nadat de patiënt genezen is van 
de ademhalingsstoomissen, kan deze van de ECMO afgekoppeld worden. Door deze 
behandeling neemt de overlevingskans van de ervoor in aanmerking komende 
ernstig zieke pasgeborenen toe van 20% naar ruim 80%. 
In hoofdstuk 8 zijn de veranderingen van oxygenatie en hemodynamica van de 
hersenen bij 24 pasgeborenen tijdens het opstarten van veno-arteriële ECMO 
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beschreven. Er werden aanwijzingen gevonden dat na de onderbinding van de 
arteria carotis communis rechts de zuurstofafgifte in de hersenen toeneemt, 
vermoedelijk als gevolg van de omleiding van het arteriële bloed naar de rechter 
hersenhelft. Onderbinding van de vena jugularis interna rechts had geen invloed op 
de oxygenatie en hemodynamica van de hersenen. In de eerste 60 minuten na de 
start van ECMO nam de zuurstofaanvoer naar de hersenen toe, als gevolg van de 
sterk verbeterde zuurstofVerzadiging van het bloed. Echter, een toename in de 
oxygenatie van de hersencellen werd niet waargenomen. Deze was in de periode 
voorafgaand aan de start van ECMO kennelijk nog steeds voldoende gebleven 
ondanks het langdurig bestaan van hypoxemie bij deze patiënten. Na de start van 
ECMO trad er een aanzienlijke daling van het hemoglobine gehalte op 
(hemodilutie) als gevolg van het lagere hemoglobine gehalte in de "priming" 
oplossing van het ECMO systeem ten opzichte van het hemoglobine gehalte van de 
patiënten. Er waren tevens aanwijzingen voor een toename van de doorbloeding en 
het bloedvolume in de hersenen na de start van ECMO, vermoedelijk in samenhang 
met de toename van de bloeddruk. Dit kan het gevolg zijn van een reactieve 
toename van de doorbloeding als gevolg van langdurige hypoxemie, van een 
gestoorde autoregulatie als gevolg van langdurige hypoxemie en/of verminderde 
arteriële polsdruk door de roller pomp in het ECMO systeem of van een 
compensatie voor de hemodilutie. 
Om de oorzaken van de toename van de doorbloeding van de hersenen na de 
start van veno-arteriële ECMO te achterhalen, werden experimenten bij biggen 
verricht. De oxygenatie en hemodynamica van de hersenen tijdens het opstarten van 
veno-arteriële ECMO werden bestudeerd bij 6 biggen met normale arteriële 
zuurstofVerzadiging (normoxemie) en bij 6 biggen met matige hypoxemie. Door een 
zorgvuldige bereiding van de "priming" oplossing werd hemodilutie vermeden. De 
resultaten van dit onderzoek zijn beschreven in hoofdstuk 9. In beide groepen 
werden na de start van ECMO dezelfde toename van doorbloeding en bloedvolume 
in de hersenen waargenomen, doch een duidelijke relatie met bloeddruk-
veranderingen werden niet gevonden. Deze veranderingen van de hemodynamica 
van de hersenen leken samen te hangen met de ECMO procedure zelf, zoals 
verminderde arteriële polsdruk, het vrijkomen van kleine bloedstolseltjes 
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(microembolie) of ontstekingsstoffen als gevolg van het contact tussen bloed en 
lichaamsvreemd materiaal in het ECMO systeem. Echter, de rol van reactieve 
toename van de doorbloeding als gevolg van hypoxemie is niet geheel uit te sluiten, 
omdat de hypoxemie bij de biggen in onze experimenten lang niet zo ernstig was 
als die bij de pasgeborenen die een ECMO behandeling ondergaan. Deze toename 
van de doorbloeding en het bloedvolume van de hersenen tijdens het opstarten van 
ECMO vormt een potentiële risicofactor voor het ontstaan van hersenbloedingen, 
die een bekende complicatie vormen tijdens ECMO. 
In hoofdstuk 10 is de reactiviteit van de oxygenatie en hemodynamica van de 
hersenen op veranderingen in de arteriole koolzuurspanning beschreven bij 4 
groepen van elk 6 biggen: normoxemie zonder ECMO, ECMO bij normoxemie, 
matige hypoxemie zonder ECMO en ECMO bij matige hypoxemie. In alle groepen 
werd na het verhogen van de arteriële koolzuurspanning dezelfde toename in de 
zuurstofaanvoer naar de hersenen en in de doorbloeding en het bloedvolume van de 
hersenen waargenomen. Na het verlagen van de arteriële koolzuurspanning werd het 
tegenovergestelde gevonden. Er was geen verschil in de koolzuur reactiviteit tussen 
de hypoxemische en normoxemische groepen en tussen ECMO en niet-ECMO 
groepen. Wij concluderen dat bij biggen de reactiviteit van de oxygenatie en 
hemodynamica van de hersenen op de veranderingen in de arteriële 
koolzuurspanning tijdens ECMO intact blijft. Het is daarom waarschijnlijk van 
belang om bij pasgeborenen tijdens ECMO de arteriële koolzuurspanning stabiel en 
binnen het normale bereik te houden. 
Hoofdstuk 11 beschrijft de veranderingen in oxygenatie en hemodynamica in de 
hersenen als gevolg van het openen van de "brug" tijdens ECMO bij 10 
pasgeborenen en 12 biggen. De "brug" is een verbinding tussen de slagaderlijke 
(arteriële) en aderlijke (veneuze) kant van het ECMO systeem. Tijdens ECMO is 
deze "brug" afgeklemd. De "brug" is nodig in geval van calamiteiten, wanneer de 
patiënt tijdelijk van de ECMO afgekoppeld moet worden. In dat geval kan het bloed 
in het ECMO systeem via de "brug" blijven circuleren, zodat het niet gaat stollen. 
Tijdens ECMO moet de "brug" regelmatig kortdurend geopend worden om het 
stilstaande bloed door te spoelen ter voorkoming van het ontstaan van stolsels. 
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Tijdens dit onderzoek werd de "brug" gedurende 10 seconden geopend. Dit leidde 
tot afname van de zuurstofaanvoer en het bloedvolume in de hersenen, als gevolg 
van de daling van de bloedaanvoer naar de hersenen, veroorzaakt door wegstromen 
van het arterièle bloed via de "brug" naar het veneuze gedeelte van het systeem. Er 
waren aanwijzingen voor een compensatie door een verhoogde zuurstofafgifte van 
het bloed. Tevens waren er aanwijzingen voor verwijding van de hersenvaten 
(vasodilatatie). De toename van het bloedvolume in de hersenen en het optreden van 
een meer dan evenredige toename van de zuurstofaanvoer na het sluiten van de 
"brug" lijken het gevolg te zijn van die vasodilatatie die optrad tijdens het open zijn 
van de "brug". Omdat kortdurende opening van de "brug" frequent wordt herhaald 
tijdens ECMO, kunnen deze frequent optredende veranderingen in oxygenatie en 
hemodynamica van de hersenen mogelijk bijdragen tot het ontstaan van complicaties 
in de hersenen zoals bloedingen of infarcten. Betere methoden voor het stolselvrij 
houden van de "brug" tijdens veno-arteriële ECMO dienen ontwikkeld te worden. 
Conclusie 
In dit proefschrift wordt aangetoond dat NIRS kan bijdragen tot verfijning in het 
onderzoek van de oxygenatie en hemodynamica van de hersenen bij pasgeborenen. 
Met NIRS worden waardevolle gegevens verkregen over niet op andere wijzen 
aantoonbare veranderingen in de oxygenatie en hemodynamica van de hersenen 
tijdens ingrepen die bij de behandeling en verzorging van zieke pasgeborenen nodig 
zijn. Daar NIRS volledig niet-invasief is, kan ze zelfs toegepast worden bij zeer 
kleine pasgeborenen. De mogelijkheid van continue registratie maakt bestudering 
van dynamische veranderingen onder normale én onder pathologische 
omstandigheden heel goed mogelijk. In combinatie met simultane registratie van 
andere relevante fysiologische variabelen levert NIRS een duidelijke bijdrage tot 
een beter inzicht in abnormale processen in de hersenen van pasgeborenen. 
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